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ABSTRACT 


A  comprehensive  investigation  of  sixty -five  dielectric  and  other  materials  for  short 
exposure  time  rain  erosion  resistance  at  velocities  of  Mach  1.5,  2.0.  2.5  and  3.0  has 
recently  been  accomplished  in  a  Joint  program  of  the  Elastomers  and  Coatings  Branch. 

woumcuunu  ivtiitci i ain  L/iviDtv**.  * - - - •  r  _  .  ,  „  _ _ Arn 

Section.  Naval  Air  Development  Center.  This  work  was  accomplished  at  Jie  Holloman  At  13 

Test  Track  Facility,  New  Mexico. 

Multiple  samples  of  each  material  were  mounted  in  a  wedge  shaped  holder  attached  to 
the  forward  end  of  a  multi-staged  rocket  Bled  and  exposed  to  the  same  rain  environment  by 
firing  the  sled  through  a  6.000  feet  long  artificial  rainfleld.  The  samples  were  exposed  at 
five  different  impact  angles  md  four  different  velocities  and  the  quantitative  rain  erosion 
resistance  determined  as  a  function  of  velocity,  time  of  exposure  and  Impact  angle.  Al¬ 
though  the  exposure  times  were  short  the  materials  demonstrated  real  differences  in  their 
rain  erosion  resistance. 


Materials  evaluated  included  isotropic  od  sandwich  ceramics,  plastic  laminates,  nickel 
electroplated  plastics,  inorganic  laminates,  ceramic  and  elastomeric  coated  laminates, 
glasses,  thermoplastics,  sandwich  plastics  and  metals.  The  results  o.  these  supersonic 
exposures  are  summarized  and  listed  according  to  materials  category. 


Quantitative  data  in  the  form  of  weight  loss  per  unit  area  and  mean  depth  of  penetration 
rate  (MDPR)  are  presented.  Equations  describing  the  high  velocity-short  exposure  time 
erosion  rates  of  plastic  laminates  and  fused  silica  ceramics  have  been  developed.  Data  for 
most  other  materials  have  been  plotted  but  not  fitted  to  equations.  Photographs  of  all  rain- 
exposed  specimens  and  descriptions  of  the  66  materials  evaluated  are  Included. 


Distribution  of  this  Abstract  is  unlimited. 
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SECTION  I 
INTRODUCTION 


Supersonic  alrcrait  ana  missiles  may  experience  uajuu^o  iu  j.  aduu.cn,  leading  edge  surfaces, 
and  structural  members  because  of  raindrop  Impingement.  This  phenomenon,  known  o£  rain 
Amnion,  has  become  increasingly  severe  as  the  velocity  of  these  aerospace  systems  con¬ 
tinues  to  increase. 

The  designer,  of  radomes  and  aircraft  have,  in  the  past,  relied  on  subsonic  whirling  arm 
erosion  Uaia  extrapolated  to  higher  velocities  or  on  the  qualification  test  of  a  mock-up 
radome  by  one  firing  through  the  rain  field  on  a  rocket  sled  track.  These  investigations 
have  been  used  to  supposedly  predict  the  behavior  and  performance  of  materials  upon 
repeated  exposure  in  a  supersonic  rain  environment. 

With  the  Increasing  numbers  of  supersonic  aircraft,  a  systematic  comprehensive  evalua¬ 
tion  of  nonmetallic,  dielectric  materials  for  structural  applications  was  necessary  to  obtain 
erosion  rates  at  supersonic  velocities  so  that  designers  could  develop  efficient  components 
which  would  withstand  ruin  erosion  under  high  speed,  operational  conditions. 


The  program  undertaken  by  the  U,  S.  Naval  Air  Development  Center  (NA\  AIRDEVl-EN), 
Radome  Section,  and  the  Air  Force  Materials  Laboratory  (AFML),  Elastomers  and  CoatlngB 
Branch,  was  directed  toward  obtaining  these  erosion  design  criteria  as  a  function  of  velocity, 
angle  of  impingement,  rainfall  intensity,  and  materials  physical  properties.  Damage  rates 
and  volume  loss  per  unit  time  were  determined  for  BB  materials  which  may  be  used  in  super¬ 
sonic  aircraft  or  missile  systems. 
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SECTION  II 
SUMMARY 


Sixty-five  different  dielectric  and  other  materials  were  evaluated  for  short-exposure  time 
(four  seconds  or  less  depending  on  velocity),  rain  erosion  resistance  at  velocities  between 
Mach  1.5  and  3.0  by  firing  multlstaged  rocket  sleds  through  a  6000-feet  long  artificial  rain 
field  “1  the  Holloman  Air  F orc»  Beee  Tee*  Yrnfjlc  Facility  A  rain  Arnninn  wndm.  final  tmfwl 
to  accommodate  eight  different  materials  for  each  sled  run,  was  supported  on  the  forward 
end  of  the  rocket  sled.  By  exposing  each  material  to  the  same  rain  environment  at  five  dif¬ 
ferent  Impact  angles  and  at  four  constant  velocities,  the  quantitative  rain  erosion  resistance 
of  these  materials  was  determined  as  a  function  of  velocity,  impact  angle  and  time. 

Material  specimens  1.250  x  1.250  x  0.250  inches  were  used  to  obtain  weight  loss  values 
per  unit  area.  Datu  was  reduced  to  the  form  of  mean  depth  of  penetration  rate  (MDFR)  vs 
sin  Q  (the  Impact  angle  9)  for  a  faintly  of  supersonic  velocities. 

Where  possible,  general  empirical  rain  erosion  equations  wer?  fitted  to  the  plotted  data. 
For  certain  materials  the  data  was  not  suita  >le  for  deriving  equations  but  was  plotted  un¬ 
corrected  through  the  experimental  points.  Several  of  the  best  performing  materials  yielded 
nonmeasurable  damage  rates.  The  damage  increased  exponentially  with  velocity  and  varied 
directly  with  the  normal  component  of  velocity. 

Materials  evaluated  in  this  program  included  isotropic  ceramics,  sandwich  ceramics, 
plastic  laminates,  inorganic  laminates,  ceramic -coated  laminates,  elastomer  io-coated  lam¬ 
inates,  glasses,  thermal  plastics,  sandwich  plastics,  and  metals. 

The  Mach  1.5  results  Indicated  that  flame  sprayed  alumina  coatings,  the  uncoated  8265 
Furane  epoxy  and  Epon  828  epoxy  laminates,  and  all  the  clastomorlc-coated  laminates 
yielded  good  protection  from  the  rain  Impingement  at  this  velocity  for  a  short  exposure 
time.  The  elastomers  (sprayed  neoprene,  molded  boot  neoprene,  and  boot  urethane)  were 
completely  undamaged  after  one  firing  at  Mach  1.5.  Other  materials  which  exhibited  good 
erosion  resistance  at  this  velocity  wero  a  polyphenylene  oxide  plastic,  an  electroplated 
nickel  coating  over  an  epoxy  laminate,  a  plasma  sprayed  alumina  coa'ing  (treated  with 
phosphorio  acid)  over  an  epoxy  laminate,  and  a  Roklde  "A”  flame  sprayed  alumina  Im¬ 
pregnated  with  epoxy  resin  over  an  epoxy  laminate. 

At  Mach  2.0  and  2.5  materials  which  exhibited  superior  rain  erosion  resistance  In  addition 
to  the  Isotropic  alumina  and  beryllia  were  the  polyphenylene  oxide  thermal  plastic,  an 
electroplated  nickel  coating  over  epoxy  laminate,  a  plasma  sprayed  alumina  coating  treated 
with  phosphoric  acid  over  an  epoxy  laminate,  and  a  Rokide  “A”  flame  sprayed  alumina  im¬ 
pregnated  with  epoxy  resin  over  an  epoxy  laminate.  At  Mach  2.0  other  isotropic  ceramics 
such  as  Pyroceram  and  fused  silica  were  damaged  sufficiently  to  limit  their  capability  in 
this  environment. 

Of  the  materials  investigated  at  Mach  3.0,  those  which  best  survived  the  rain  environment 
with  little  damage  were  die  highly  dense  alumina  and  beryllia  isotropic  ceramics.  Other 
isotropic  ceramics,  sandwich  ceramics,  ceramic  and  elactcmeric -coated  laminates,  glasses, 
and  metals  were  severely  to  moderately  damaged  at  this  velocity. 
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SECTION  in 

THE  RAIN  EROSION  WEDGE 


1.  PHYSICAL  DESCRIPTION 


The  supersonic  rain  erosion  wedge  shown  In  Figure  \  was  designed  by  NAVAiRDEVCEN 
for  multiple  sample  testing  of  materials  at  velocities  of  Mach  1.5  or  greater.  Eight  different 
materials  can  be  evaluated  for  each  run  with  samples  of  the  same  material  mounted  on  both 
the  left  and  right  sides  at  each  of  the  following  angles:  13.5“,  30°,  45“,  60°  and  90°.  By  pro¬ 
viding  for  two  specimens  of  the  same  material  at  the  same  impact  angle  but  displaced  ver¬ 
tically  by  four  spaces,  some  normalizing  effect  Is  introduced  to  partially  compensate  for 
slight  variations  in  the  material,  rain-fall  distribution,  and  sample  edge  ufects.  A  total  of 
80  samples  are  contained  in  the  fully  loaded  wedge. 


The  basic  construction  consists  of  left  and  right  side  plates,  top  and  bottom  plates,  and  u 
base  or  back  plate  all  of  which  were  machined  from  7075-T6  aluminum.  Parts  were  doweled 
and  secured  with  internal  wrenching  cap  screws.  A  separate  leading  edge  and  all  sample 
cover  plates  were  made  from  stainless  steel  to  retard  rain  erosion  on  the  forward  surfaces. 
Sample  cover  plates  were  secured  with  countersunk  Allen  head  screws  having  nylon  lock 
inserts. 

Both  top  and  bottom  surfaces  were  inolined  15  degrees  upward  from  the  leading  edge  aft 
to  induce  a  negative  lift  component  and  to  relieve  the  afterbody  for  flow  expansion.  The  base 
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or  aft  end  dimensions  are  13-1/2  x  12-1/2  inches  making  the  total  frontal  area  1.33  ft  with 
the  added  area  resulting  from  Inclination  of  the  top  and  bottom  surfaces.  The  loaded  gross 
weight  reading  for  firing  ranges  between  70  and  75  pounds  depending  upon  the  density  of  the 
samples. 

Mounting  holes  were  provided  in  both  the  bottom  and  back  plates  for  quick-change  attach¬ 
ment  to  the  Holloman  rocket  sleds.  NAVAIRDEVCEN  assembly  and  detail  drawings  are  listed 
In  Reference  1. 

b.  Sample  Mounting 

Material  samples  1.250  x  1.250  x  0.250  Inches  were  mounted  In  wedge  grooves  behind 
stainless  steel  cover  plates  as  shown  by  Figure  2.  The  exposed  sample  area  dimensions 
are  1.00  x  1.00  Inch  at  all  Impact  angles.  The  stainless  cover  plates  are  0.060  inch  thick 
with  leading  edges  chamfered  parallel  to  the  wedge  center  line,  and  ait  edges  chamfered 
at  45  degrees  to  the  plate  surface.  All  leading  edges  were  beveled  to  minimize  shielding  by 
the  cover  plates;  the  jack  edges  were  chamfered  to  reduce  the  effects  of  a  high  pressure 
corner  or  cavity. 

Most  of  the  materials  evaluated  were  backed  with  hard  rubber  pads  oi  the  same  size  as 
the  test  sample.  Aluminum  spacers  were  installed  between  samples  to  accept  the  concen¬ 
trated  loads  when  the  cover  plates  were  tightened.  Dimensional  differences  between  the 
spacer  thickness  and  the  sum  of  the  rubber  pad  and  sample  thicknesses  were  such  that  the 
rubber  was  slightly  compressed.  This  method  was  found  to  be  undesirable  for  brittle  ma¬ 
terials,  causing  premature  breakage  on  some  materials  in  the  early  runs. 
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A  potting  method  was  therefore  developed  for  use  with  all  brittle  materials  (Figure  2). 
In  this  typo  of  sample  mounting  both  the  hard  rubber  backing  and  half  the  spacer  width  on 
each  end  wore  replaced  with  fiber  reinforced  epoxy  potting.  A  complete  set  of  80  samples 
was  potied  in  one  model  setup.  Ton  eight-sample-strips  were  then  jig  drilled  and  saw  cut 
into  individual  pieces.  All  potted  samples  were  numbered  and  weighed  after  potting  and 
machining. 

All  samples  had  approximately  1/8  inch  of  unexposed  edge  on  all  four  sides  to  prevent  drop 
impact  on  the  edges.  This  was  done  to  minimize  edge  effects  as  well  as  to  provide  a  method 
of  securing  them. 

2.  AERODYN;  MIC  CHARACTERISTICS 

Three  basic  profiles  or  configurations  were  cone  dered  in  designing  the  wedge  for  multiple 
sample  testing:  the  circular  leading  edge,  the  hypo  cycloid  or  inverse  of  the  circular  leading 
edge,  and  the  configuration  as  shown  in  Figure  3.  It  was  determined  that  the  latter  profile 
produced  the  minimum  form  d  ag,  the  most  oblique  ehcck  pattern  and,  therefore,  the  shortest 
paths  between  the  first  shock  wave  and  the  surfaces  of  the  test  samples. 

A  quarter  scale  model  was  made  at  the  NAVAIRDEVGEN  and  run  at  the  David  Taylor 
Model  Basin  (DTMB)  Supersonic  Wind  Tunnel  at  Mach  Nos  between  1.5  and  2.86  to  determine 
the  flow  patterns  and  to  measure  the  aerodynamic  forces  and  moments.  Force  and  moment 
data  ptc  reported  In  Reference  2. 

The  15°  inclination  angle  of  the  top  and  bottom  surfaces  produced  a  sizeable  negative  lift 
component  at  all  Mach  numbers  which  was  a  requirement  of  the  sled  designers.  This  force 
and  moment  data  was  used  lr.  the  Holloman  rocket  sled  performance  computer  program  for 
die  selection  of  launch  station,  booster  propulsion,  susi  dner  propulsion,  and  retarding  mech¬ 
anisms  to  achieve  the  specified  performance  within  the  rain  field. 

Shock  wave  patterns  at  M  2.86  are  shown  in  Figure  3,  and  are  typical  of  all  Mach  numbers 
between  1.5  and  3.0.  In  addition  to  the  bow  wave  from  the  15°  half-angle  leading  edge,  there 
are  four  major  secondary  compression  waves.  The  fourth  or  last  one  Is  a  normal  detached 
shock  wave  creating  supersonic  flew  behind  the  base. 

Two  major  separated  flow  regions  are  indicated  from  Schlieren  photographs.  One  is  in  the 
corner  between  tbe  15°  and  80°  samples;  a  second  exists  along  the  curved  surface  forward  of 
the  80°  sample.  Two  minor  separated  flow  regions  are  shown  In  the  corners  forward  of  the 
45°  and  30°  surfaces.  Vertical  bleeder  slots  were  added  just  forwai  d  of  the  90°  samples  on 
the  curved  surfaces.  These  slots  reduced  the  size  of  the  separated  flow  region  over  the 
curved  suri-ces  and  slightly  reduced  the  drag  coefficient  by  raising  the  base  pressure. 


Figure  3  also  showB  the  path  Lengths,  A  .  at  full  scale  through  which  water  drops  must 

travel  between  penetration  of  the  bow  wave  and  Impingement  at  the  center  of  the  sample 
surfaces.  These  path  lengths  vary  between  2.25  and  3.50  inches  v.'lth  the  exception  of  the  90° 
sample,  the  length  of  which  Is  greater  than  double  that  ol  all  other  angles.  The  drop  dis¬ 
integration  effect  resulting  from  the  longer  path  at  90°  seriously  affects  the  rain  erosion 
rate  at  90°. 

3.  DROP  DISINTEGRATION  EFFECTS 

Any  region  of  flow  separation,  a  shock  wave  or  combination  of  shock  waves  has  some 
effect  upon  the  water  drops.  In  rain  erosion  testing  the  objective  Is  to  evaluate  materials 
with  such  effects  mimimized  or  to  test  as  nearly  as  possible  to  free  stream  conditions. 


6 


til'  im_i-  in-»  i  “iui 


Figure  3.  Rain  Erosion  Wedge  Shock  Wave  Pattern  (M  -■*  2.85) 


Conversely  the  vehicle  designer  or  user  of  materials  subject  to  rain  erosion  damage  should 
take  full  advantage  of  techniques  for  the  delay  of  erosion  and  prevention  by  the  deliberate 
breakup  of  water  drops  before  Impingement. 

Since  there  is  no  method  of  avoiding  the  generation  of  shock  waves  whan  testing  In  the 
atmosphere  at  supersonic  velocities  it  is  impossible  to  6  void  this  effect  to  some  degree. 
In  any  test  method  the  disintegration  effects  should  be  explored  and  understood.  They  should 
be  carefully  considered  in  the  comparison  of  data  from  different  test  methods;  in  some 
cases  they  may  completely  invalidate  the  test  data. 

Disintegration  or  drop-breakup  times  have  been  investigated  both  in  the  United  States  and 
the  United  Kingdom.  Experimental  measurements  obtained  by  Jenkirs  at  the  Royal  Aircraft 
Establishment  (Reference  3)  are  in  good  Agreement  witn  values  obtained  by  Engel  at  the 
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U.  S.  Bureau  of  Standards  (Reference  4>.  Thin  work  was  performed  in  the  high  Bubaonic;  and 
transonic  velocity  range  from  which  the  empirical  equation  was  derived  for  breakup  time  {») 
in  termo  of  drop  diameter  (U)  in  feet  and  velocity  (V)  in  ft/sec. 

.*  20  D 

t  s - -  • 

vo.  tt 

The  time  in  the  above  equation  corresponds  to  the  time  to  reduce  a  drop  o'  diameter  D  to 
droplets  no  larger  than  0.1  nim.  This  equation  can  be  applied  to  low  supersonic  npaeda  and 
should  be  particularly  valid  behind  normal  shock:  waves,  calculation  01  breakup  timer  at 
velocities  between  1.500  and  3000  ft/soc  for  drop  sizes  between  1  and  3  mm  diameter  axe 
plotted  in  Figure  4  At  Mach  2,0  the  time  to  break  down  a  1  non  drop  to  0.1  mm  Is  0.00025 
second;  time  required  to  break  down  a  2  ram  drop  to  the  same  droplet  size  is  about  0.0005 
second. 

Taking  the  path  lengths  of  Figure  3  at  Maoh  2.85  for  the  full  size  wedge  the  exposure  times 
were  calculated  using  the  time  increments  und  local  velocities  between  shock  waves.  These 
points  (Figure  4)  indicate  that  for  angles  of  15\  45".  and  CO"  die  exposure  times  are  less 
than  that  required  to  disintegrate  .1  mm  drops  und  small  compared  with  times  required  tor 
disintegration  of  2  and  3  nun  drops.  For  the  30°  angle  specimens  the  exposure  times  are 
greater  than  required  to  break  up  the  1  mm  drop  and  more  seriously  affect  the  JO"  samples. 
The  90“  sample  disintegration  path  length  time ,  much  greater  than  for  all  other  angles,  is 
sufficient  to  break  down  all  drops  of  2.5  mm  or  less.  This  effect  is  quite  obvious  upon  in¬ 
spection  of  the  90°  samples  and  is  reflected  In  the  very  low  weight  losses  at  this  angle.  All 
90"  data  is  therefore  considered  invalid  and  is  not  included  in  the  curves  for  weight  loss. 

Some  efforts  have  been  made  to  photograph  water  drops  within  the  shock  pattern  with 
overhead  cameras.  To  date  this  has  been  unsuccessful  but  could  certainly  provide  valuable 
information  for  hotter  interpretation  of  the  data. 
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SECTION  IV 

THE  HOLLOMAN  TRACK  FACILITY 


1.  TRACK  DESCRIPTION 

The  35,500-foot  tost  track  operated  by  the  Tost  Track  Directorate  of  the  Air  Force 
Missile  Development  Center  (AFMDC)  is  located  at  Holloman  Air  Force  Base.  New  Mexico, 
on  the  eastern  edge  of  the  White  Sands  Missile  l.ange.  Direction  of  the  track  is  within  a  few 
degrees  of  true  north  with  the  main  breech  located  at  the  south  end.  The  6000-feet  rain 
field  zone  is  located  toward  the  north  end  between  stations  20.  700  and  26,700  feet.  For 
details,  see  Reference  5. 

The  171  lb/yd  crane  rails  are  spaced  7  feet  on  center.  Alignment  is  maintained  within  a 
tolerance  of  ±  0.005  inch  on  the  west  rati  and  ±  0.010  inch  on  the  east  rail.  Both  rails  are 
welded  to  provide  one  continuous  joint-free  track  section  for  the  entire  35,500  feet. 

The  track  is  equipped  with  four  stationary  blockhouses  on  the  west  side  of  the  track  including 
one  at  either  end,  one  in  the  center,  and  one  at  track  station  2970.  A  portable  fire  control 
trailer  is  also  available  for  use  in  firing  solid  propulsion  units  from  any  point  on  the  track. 
Both  the  north  blockhouse  and  the  fire  control  trailer  were  used  in  this  series.  A  completely 
equipped,  shielded,  dust  free  telemetry  ground  station  is  located  2000  feet  east  of  the  mid¬ 
point  of  the  track  and  visual  observations  of  the  fixings  are  made  from  this  station. 

Two  means  of  sled  deceleration  by  water  braking  are  available,  and  both  were  used  In  this 
program.  Wateriilied  polyethylene  bags  are  laid  directly  on  the  track  and  the  slippers  on 
which  the  sled  is  mounted  strike  these  bags  slowing  the  vehicle  to  a  stop.  This  method  of 
braking  was  used  to  stop  the  sustainer  stage  at  all  Mach  numbers.  A  momentum  exchange 
brake  (U-tube  arrangement)  was  added  to  stop  the  booster  on  the  Mach  2.0  runs  and  the 
second  booster  on  the  Mach  3.0  runs. 

All  firings  were  made  between  0200  and  0700  to  take  full  advantage  of  calm  night  air  on  the 
desert.  Wind  velocities  normally  begin  to  increase  shortly  after  sunrise  and  usually  reach 
5  to  10  knots  by  midmorning.  The  advantage  of  night  operations  is  apparent  In  achieving 
30  launches  over  a  six-month  period  with  only  two  scheduled  runs  aborted  because  of  weather. 

2.  ROCKET  SLED 

All  rocket  sled  hardware  was  provided  by  the  Holloman  Track  Test  Directorate.  The 
sustainer  sled,  originally  designed  for  radome  testing,  waB  modified  to  support  the  rain 
erosion  wedge  and  to  house  a  cluster  of  Beven  M-58  sustainer  motors.  Separate  pusher  sleds 
were  designed  for  the  Genie  and  the  Nike  motors. 

To  accelerate  to  peak  velocity  and  to  sustain  the  desired  Mach  numbers  in  the  rain  field, 
staging  was  used  in  accordance  with  Table  I.  Three  basic  surplus  engines  were  used  in 
various  combinations  to  achieve  the  required  velocity  performance.  A  photograph  of  the 
Mach  3.0  sled  configuration  is  shown  in  Figure  5  with  two  Nike  booster  stages  and  two 
sustainer  stages  housed  in  the  forward  sled. 

With  the  exception  of  some  engine  ignition  malfunctions  in  the  early  iirings,  the  staging 
used  was  satisfactory  and  produced  relatively  flat  velocity  profiles  through  the  rain.  Wind 
tunnel  force  coefficients  for  the  wedge  assisted  in  computer  calculated  sled  performance, 
selection  of  launch  points  and  deceleration  coast-out  distances. 
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Figure  5.  Rain  Erosion  Rocket  Sled  (Mach  3. 
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A  complete  history  of  th®  ?0  sled  firings  w  th  dates,  firing  times,  wind  conditions,  average 
velocities  in  the  rain,  and  sample  designations  is  listed  in  Tables  n  through  V. 


:s.  INSTRUMENTATION 


Two  measurements  of  sled  velocity  were  made  on  the  rain  erosion  runs.  Tl>**  space/time 
(VMS)  technique  (Reference  5)  determines  sled  position,  velocity  and  acceleration  by  defining 
th©  time  interval  OI  sieuiravui  bmwtjen  very  accurately  Braced  {13 -foot  uiloIValo)  ll&iit  m0aXj4 


interrupters  on  the  track.  An  RF  modulation  is  created  from  tfw  sled  borne  photo  pickup  as 
it  pusses  these  interrupter  stations  with  conversion  8!»i  transmission  as  RF.  Accuracies  in 
excess  of  0.1  foot  per  second  are  attainable. 


Twelve  “spot  velocity”  checks  on  a  sled  cz»  be  made  during  a  run  using  time  interval 
counters.  These  are  i  megacycle  counters  which  may  be  started  and  then  stopped  by  means 
of  a  fcrcaawire  as  a  sled  pm^r#>;css  across  a  specific  distance.  This  technique  was  the 
primary  one  used  for  the  rain  erosion  tost  Berios. 

Photographic  coverage  for  these  runs  included  image  motion  cameras,  limited  shadowgraph 
photography,  motion  pictures  and  still  documentary  (before  and  after)  photography.  The  Image 
motion  technique  provides  a  full  length  view  of  the  test  wedge  at  500-foct  intervals  through  the 
rain  fiold.  These  photographs  were  used  to  analyze  the  progressive  erosion  of  materials  with 
Increasing  rain  exposure.  Shadowgraph  coverage  was  attempted  in  order  to  study  the  shock 
wave  pattern  around  the  wedge.  Limited  success  was  attained  because  of  difficulties  with 
shooting  vertically  from  above  the  track  and  obtaining  a  well-defined  shock  front. 

Documentary  coverage  with  color  black  and  white  still  photos,  before  and  after  firings, 
of  the  test  wedge,  the  vehicle,  and  propulsion  Bystems  and  general  scenes  was  also  provided. 
The  motion  pictures  taken  during  the  runs  further  helped  to  document  the  series. 
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SECTION  V 

THE  HOLLOMAN  RAIN  FIELD 

1.  DESCRIPTION  OF  THE  SYSTEM 

The  present  Holloman  rain  field  simulation  system  consists  of  GOOD  feet  of  rain  between 
stations  20,700  and  26,700  on  the  35, 500-foot  track.  This  provides  up  to  8800  feet  for  sled 
acceleration  and  20,700  fefo  for  deceleration  when  firing  North  to  South.  Vertical  standpipes 
(rain  dispensers)  ore  spaced  9  feet  on  either  side  of  the  weBt  rail  with  the  nozzles  located 
31  inched  above  the  track  surface.  Longitudinal  spacing  of  tlio  sfondpipea  is  8  feet  with  the 
east  and  west  nozzles  staggered  to  provide  a  separation  of  only  4  feet  between  nozzles.  A 
photograph  of  the  rain  field  looking  north  is  shown  in  Figure  6. 

All  nozzles  ore  Spraying  Systems  Company  Veejet  1/4  u  8070  mounted  at  65  degrees  from 
the  horizontal  on  the  standpipes.  The  standpipes  are  supplied  through  a  manifold  system  in 
which  each  section  feeds  only  50  nozzles  and  provides  individual  pressure  regulation.  The 
manifold  in  turn  is  fed  through  a  6-inch  main  from  a  20, 000-gallon  storage  tank.  A  D-B  diesel 
engine  powers  a  centrifugal  pump  capable  of  delivering  up  to  4800  gallons/minute  flow  rate  to 
the  sy  tern. 

At  the  2.5  inch/hour  rainfall  rale  used  for  these  tests  the  available  water  supply  can  be  used 
for  more  than  10  minutes  without  refill  of  the  tank.  Under  conventional  operation  the  nozzles 
were  operated  for  about  3  minutes/ run.  This  is  possible  through  a  bypass  system  with  no 
loss  of  water  until  T  minus  60  seconds  at  which  time  remote  control  valves  deliver  pleasure 
to  the  nozzles.  A  full  water  system  at  start  assures  uniform  flow  after  35  seconds. 

A  comprehensive  description  of  the  Holloman  rain  field,  designed  and  installed  by  the 
Sandia  Corporation,  is  reported  in  Reference  6. 

2.  RAIN  SIZE  AND  DISTRIBUTION 

The  original  intent  of  this  program  was  to  evaluate  all  materials  at  1  ineb/hour  rainfall 
rate  with  a  mean  drop  size  between  1.8  and  2.0  mm.  This  rainfall  rate  agrees  with  Figure  7 
which  describes  typical  particle  size  distribution  for  natural  rainfall  rates  up  to  6  Inches/ 
hour. 

Drop  sampling  at  the  Holloman  Test  Trank  using  the  oil  system  technique  showed  that  a 
system  pressure  of  9  pel  provided  the  required  1.9  mm  mean  drop  size  for  a  monorail  sled 
on  the  west  rail.  The  Veejet  1/4 u  8070  nozzles  operated  at  9  psi  give  a  rainfall  rate  of 
2.25  to  2.5  inches/hour  with  a  cyclic  gradient  between  the  nozzle  center  and  the  edges  of  die 
fan  shaped  spray  pattern.  A  characteristic  drop  size  distribution  curve  is  shown  in  Figure  8 
for  comparison  with  that  of  natural  rain  of  Figure  7. 

Firing  of  test  samples  through  6000  feet  of  rain  at  2.5  inches/hour  rainfall  rate  with  a 
mean  drop  size  of  1.9  mm  produces  a  total  energy  absorption  by  any  given  sample.  This 
same  total  energy  would  be  absorbed  by  the  same  sample  if  the  water  Bystem  could  have  been 
operated  at  1.9  mm  mean  drop  size,  a  1  Inch/hour  rate,  but  over  15,000  feet  of  track.  The 
major  difference  between  these  two  exposures  would  be  the  time  of  energy  absorption  or  the 
rate  of  pressure  pulses  Inducing  short  time  stresses  within  the  material. 

3.  FIRING  CONDITIONS 

Observation  of  wind  effects  upon  the  water  system  was  made  fu ;  random  wind  velocities  and 
directions.  Cutoff  or  abort  conditions  were  established  at  2  knots  cross  track  and  3  to  4  knots 
down  track.  Wind  readings  were  reported  from  three  track  stations,  one  at  each  end  and  one 
at  the  center  of  the  rainfleld.  Normally  they  were  reported  every  15  seconds  between  T  minus 
60  seconds  and  firing. 
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SECTION  VI 

MATERIALS  EVALUATED 


1.  CLASSES  OF  MATERIALS 


Mntnrutln  selected  for  thane  evaluations  ward  classified  i  i  10  major  categories  according 
to  material-type.  Isotropic  ceramics  were  selected  because  of  their  potential  for  high  speed, 
high  temperature  radometv  their  good  erosion  resistant  properties  (high  density  and  strength), 
and  their  excellent  dielectric,  properties.  Sandwich  ceramics,  while  lacking  In  the  strength  of 
solid  ceramics,  are  a  widely '-considered  and  used  structural  material  for  advanced  radome 
designs. 

Plastic  organic  laminat  js  such  as  epoxies,  polyimide  and  polybenzimidazole  are  currently 
in  extensive  use  as  radome  materials  or  are  being  planned  far  future  applications.  In  a  like 
manner,  inorganic  laminates  are  being  evaluated  for  very  high  temperature  systems. 

Coated  laminates  represent  still  other  structural  materials  which  have  found  broad  appli¬ 
cation.  Considerable  effort  is  now  being  conducted  in  developing  dense,  ceramic,  rain  erosion 
resistant  coatings  for  a  variety  of  laminate  and  metal  substrates  (Reference  8).  The  ceramic 
coatings  are  intended  for  use  in  a  supersonic  environment  and  hence  needed  evaluation  as  to 
their  protective  capability  in  rain.  Elastomeric  ooatings  are  widely  used  for  subsonic  rain 
erosion  protection,  but  little  has  been  done  to  evaluate  them  eupersonioally  in  rain  (other  than 
an  occasional  proof  test  of  a  mock-up  radome). 

Increasing  applications  of  glasses  in  supersonic  systems  for  windshields,  radome,  and 
Infrared  windows  dictated  an  evaluation  of  representative  systems. 

Unique  structural  systems  such  as  plastic  honeycombs  with  laminate  or  metal  skins  and 
laminates  with  cork,  Teflon,  or  metal  coatings  also  were  evaluated  because  of  possible  use 
In  a  number  of  cases.  Along  this  line,  thermal  plastics  such  as  polyphenylene  oxide  and 
Teflon  were  evaluated  as  bulk  materials,  and  polymethylmethacrylate  (Plexiglas)  was  chosen 
because  of  extensive  rain  erosion  research  on  It  in  the  past. 

The  final  clasB  of  materials  was  metals  which  were  ohosen  as  representative  aircraft 
structural  materials  (for  parts  other  than  radomes)  and  au  a  base  line  on  which  to  oompaxe 
materials.  Soft  metals  such  as  aluminum  alloys  and  annealed  copper  were  chosen  so  that  some 
evidence  of  erosion  would  be  present. 

Keeping  in  mind  the  need  for  improved  dielectric  materials  and  the  lack  of  supersonic 
erosion  data  on  most  of  these  materials,  the  various  materials  in  each  class  were  chosen, 
obtained  from  various  suppliers,  processed,  arranged  into  runs,  exposed  at  Jlolloqian  super¬ 
sonically,  and  then  post-processed  and  evaluated.  Soe  Table  III  for  a  listing  of  materials. 

2.  SAMPLE  PROCESSING 

Each  material  supplier  was  required  to  supply  with  his  material  a  physical  property  data 
sheet  which  Included  porosity,  density,  hardness,  and  other  pertinenc  physical  and  electrical 
properties.  These  were  also  furnished  at.  no  cost  to  the  program.  (See  Figure  9.) 

Prerun  sample  processing  consisted  first  of  inspecting  received  samples  for  damage  and 
dimensional  tolerances  to  avoid  difficulty  of  Installation  Into  the  test  wedgo  at  the  test  track. 
In  only  a  very  few  oases  were  the  samples  oversize,  requiring  sanding  or  additional  machine 
work. 
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The  sample  materials  were  arranged  into  groups  of  eight  where  similar  materi  als.  Insofar 
as  possible,  were  evaluated  on  the  same  run.  After  assignment  fee  a  given  run  all  samples 
were  numbered  and  recorded  in  the  Test  Sample  Log  Hook.  The  numbering  system  used  in¬ 
cluded  material  class  lettur,  class  number,  Mach  number,  run  number,  and  serial  number. 
The  following  example  demonstrates  the  code  numbering  system: 

C  3  -1.5-4-10 


The  above  number  Indicates  this  C3  sample  to  be  an  823  Kixjxy  laminate  ;see  Table  VI) 
evaluated  on  the  fourth  run  at  Mach  1.5.  The  number  10  indicates  that  the  sample  is  number 
10  of  1  through  10  recorded  in  the  log  book  to  note  the  vertical  position  and  impact  angle. 

After  numbering,  the  samples  were  dried  overnight  at  150°F  for  removal  of  moisture. 
Samples  were  then  weighed  on  a  Mettler  electronic  balance.  Model  H-4.  This  instrument 
measures  to  the  nearest  milligram  with  0.5  mg  accuracy.  Having  recorded  the  sample  weights 
in  the  Test  Sample  Log  Book  the  specimens  were  packaged  late  special  run  boxes  for  ship¬ 
ment  to  Holloman  Air  Force  Base.  At  the  time  of  loading  into  the  test  wedge  the  position 
numbers  for  each  specimen  were  recorded. 

Upon  completion  of  a  firing  th'  samples  were  removed  by  personnel  from  either 
the  AFML  or  NAVA1KDEVCEN.  p-  .kaged  in  the  original  run  boxes  and  shipped  back  to 
the  NAVA1RDEVCEN  for  post-rv.u  sample  processing.  The  samples  were  then  rodxied  for 
16  hours  at  150“F  and  reweighed  for  weight  loss.  The  post-firing  weights  were  entered  in  the 

2 

Tes  :  Sample  Log  Book.  Weight  Iosb  (gm),  weight  loes  per  unit  area  (gm/cm  ),  and  MDP  (cm) 
were  calculated  based  on  materials  density.  The  MDP  calculation  assumes  the  damage  to  oo 
uniform  over  the  exposed  area  of  one  square  inch. 

The  10  samples  of  any  specific  material  for  u  run  were  then  mr-mled  on  8  x  10-1/2  standard 
cards.  The  weight  losses,  MDPs.  pertinent  descriptive  information,  and  velocity  profiles 
through  the  600C-foot  rain  field  were  added  to  the  cards  for  each  group  of  samples.  The  cards 
were  photographed  in  both  color  and  black  and  white.  The  black  and  white  was  required  for 
this  report;  color  prints  were  forwarded  to  each  supplier  for  his  samples.  The  completed 
cards  were  then  cataloged  in  special  card  files  as  permanent  records.  These  card  files  are 
available  for  observation  at  both  AFML  and  NAVAIRDEVCEN  for  Government  agencies  or 
Industrie,*  who  are  interested  iu  rain  eroslou  damage. 

3.  PROPERTY  DATA 


Applicable  physical  property  data  for  all  material  r.  was  submitted  together  with  the  samples. 
Standard  ASTM  test  methods  were  specified  where  applicable  in  order  to  obtain  all  data  on  a 
common  basis.  Table  VII  presents  the  data  as  it  was  submitted  by  materials  suppliers:  it 
was  not  screened  for  conformance  with  standard  test  methods.  As  a  long  range  objective  of 
this  program,  an  attempt  is  being  made  to  correlate  material  properties  with  the  damage 
experienced  In  the  rain  environment. 


The  following  properties  were  selected 
performance: 

Porosity 

Density 

H&rdnesB 

Modulus  of  Elasticity 
Shear  Modulus 
Shear  Strength 
Flexural  Strength 


as  pertinent  l  erosion  resistance  and  dielectric 


Tensile  Strength 
Compressive  Strength 
Tear  Strength 
Modulus  100%  Elongation 
Poisson’s  Rp.tlo 
Dielectric  Constant 
Loss  Tangent 
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It  Is  pointed  out  that  these  materials  were  not  prepared  to  optimise  one  particular  property 
specifically,  tut  rather  as  representative  samples  of  tbeirpartinent  class  of  material.  There™ 
fore,  because  a  particular  material  is  considered  low  in  a  certain  propei  ty  does  not  indicate 
inferiority  in  any  way  for  other  applications. 
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SECTION  VU 

RAIN  EROSION  DAMAGE  DATA 

I  THR  ('Alin  PHnrrnrmA  pu« 

All  exposed  samples  were  mounted  on  standard  card  forma  after  rowelghing,  Samples 
“vm  Uw  Wi  aiuo  of  luo  wt xiiri  wero  mourned  in  the  lower  row;  right-side  samples  were 
mounted  in  the  upper  row.  The  forward  or  leading  edge  in  all  cases  Is  on  the  left-hand 
side  of  the  cards.  The  top  row  of  numbors,  above  the  samples,  indicates  the  weight  looses 

per  unit  area  (gm/cm2);  the  lower  row  of  numbers  presents  the  calculated  MDPs  in  cm 
assuming  uniform  erosion  over  the  exposed  area. 

Material  description,  test  conditions,  run  number,  date  of  test  and  test  Mach  number  are 
listed  in  the  lower  left  corner,  t  he  velocity  profiles  through  the  6000-foot  rain  field  for  each 
run  are  drawn  in  the  lower  right  corner  of  the  cards.  Average  velocities  for  ail  runs  were 
calculated  for  conversion  of  weight  loss  per  unit  area  to  mean  depth  of  penetration  rate 
(MDPR)  using  the  following  equation: 

MDP  W«kmt  Loss/Unit  Area  Volume  Loss/ Unit  Area 

MDPR  - - -  - - - - - 

s«c  p t  Unit  Time 

cm  gm  cm  I  cm  /cm 
sac  cm2  gm  sac  sme 

Where  p  is  the  density  of  the  eroded  material,  g/ctn2 
t  is  the  exposed  time  in  the  rain,  sec 

Rain  erosion  damage  data  for  a  material  is  plotted  as  MDPR  vs  sin  Q  for  a  family  of  ve¬ 
locities.  This  form,  was  shown  to  best  fit  the  data  for  some  classes  of  materials.  There  are 
cases  however  where  it  does  not  apply.  Ductile  materials-  for  example,  while  severely  dented 
or  deformed  within  a  very  short  exposure  time,  experienced  no  significant  weight  loss.  Cer¬ 
tain  high  strength  but  brittle  ceramic  materials  showed  no  weight  loss  for  tho  velocities  and 
exposure  timer  of  the  test.  Other  ceramics  fractured  and  showed  such  a  wide  scatter  of 
points  as  to  preclude  their  plotting  into  any  reasonable  curves. 

2.  THE  HIGH  VELOCITY  -  SHORT  EXPOSURE  TIME  RAIN  EROSION  EQUATION 

Some  attempt  has  been  made  toward  deriving  equations  to  fit  the  MDPR  dependence  upon 
velocity  and  impact  angle.  Obviously  it  would  be  most  desirable  to  develop  a  general  equation 
which  would  fit  most  types  of  materials  and  for  which  specific  constants  and  exponents  could 
be  determined  for  the  inuividual  materials.  The  data  derived  from  evaluating  65  different 
materials  which  logically  fit  into  10  different  material  classes  Is  now  available  for  curve 
fitting. 

First  efforts  were  devoted  to  a  homogeneous  group  of  materials  which  were  erected  with  a 
minimum  difference  in  weigbt  loss  between  left  and  right-side  samples  and  which,  in  general, 
showed  the  1*03 1  plots  of  MDPR  vs  sir  Q.  The  plastic  laminate  (Class  C)  group  was  best  suited 
for  doing  this  because  erosion  results  showed  a  minimum  deviation  of  data  points  from 
straight  lines  and  the  most  reasonable  magnitude  and  slope  change  with  velocity.  The  equation 
to  bo3t  describe  the  rain  erosion  effect  was  derived  purely  on  a  mathematical  curve  fitting 
basis.  Figure  10  (a  PBI  laminata)  iB  a  typical  graph  of  the  MDPR  vs  sin  fl  for  the  Class  C 
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materials.  For  any  specific  test  velocity  the  graph  is  a  combination  of  two  straight  lines  of 
different  slopes  intersecting  at  For  sin  8  '  sin  £L  the  straight  line  is  described  by 

the  equation: 

MDPR  -  K,  sin  8  (  I  ) 

For  sin  9  >  sin  the  straight  line  is  described  by  the  equation: 

ML)  PN  =  Kg  sin  &  +  K  3  (2} 

In  the  above  equations  K^,  and  are  all  functions  of 

are  plotted  vs  velocity  on  a  semilog  graph  they  produce  straight  lines  as  shown  by  Figure  11. 
From  these  three  slopes  the  f(y)  describing  K^,  K^,  and  arc  determined.  9^  is  then  de¬ 
termined  by  equating  K  sin  Gn  =  K  Sin  G  +  K  Therefore  the  functions  are  simple  expo¬ 
nentials  given  as:  *  u  J 


01  V 

K,  =A« 

(3) 

„  D  (9v 

K  2  -Bo 

(4) 

Ks  *  cs^ 

(5) 

“  ®°  •“  ’  K,  -K2 

(6) 

In  Equations  (3)  and  (4)  the  exponents  a  and  (3  are  equal.  By  substituting  Equations  (3)  through 
(6}  in  Equations  (1)  and  (2) 

av 

MDPR  s  As  sinG  for  8  <6q  ( 7) 


velocity  Hv).  When  K^,  K 2<  and 


MDPR  *  B«a,/  sinG  +  Csy"  for  9  >  9Q  {e] 

90  .  C/A-B.(ya,v 

A  more  simplified  form  of  Equations  (7)  and  (8)  is: 

MDPR  =  E  *aV  sin  9  -PFe7*'  (9) 


where 


E  -  A  ond  F  *  0  for  8  <  Q  s<y‘a)  v 

E  =  B  ond  F  ;  C  for  9  >  — - - 

A  -  B 

Values  for  constants  E,  F,  a  and  y  have  been  evaluated  for  all  Class  C  materials.  These  con¬ 
stants  are  listed  in  Table  VIII.  Of  the  many  classes  of  materials  tested.  Equation  (9)  has  been 
found  to  apply  to  the  plastic  laminates  (Class  C)  and  some  of  the  ceramics.  Further  work  is 
being  conducted  on  the  other  classes  to  see  if  thoy  n:ay  fit  the  general  equation  (9). 
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Figure  11.  Slope  and  Intercept  c f  the  Raiu  Erosion  Equation  vs  Velocity  for  PBI  Laminates 
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3.  RAIN  EROSION  PHENOMENON 

The  'oes  of  material  by  rain  erosion  is  a  complex  phenomenon  which  has  been  studied  in 
recent  years  by  the  University  of  Cambridge  and  the  Royal  Aircraft  Establishment  among 
others.  The  radial  flow  velocities  associated  with  water  drop  impact  at  90°  have  he«n  mea¬ 
sured  at  2  u  3  times  uie  impact  velocity.  The  dynamic, or  impact  pressures  on  the  face  of 
materials  at  normal  impact  can  be  calculated  by  the  water  hammer  equation: 

P  =  p  e  v 


where 

c  =  compression  wave  or  acoustic  velocity 
p  =  fluid  density 
v  =  impact  velocity 

At  3000  ft/sec  this  pressure  is  approximately  194,000  psi.  It  is  these  tremendous  high 
pressure  pulses  which  induce  excessive  tensile,  compression,  shear  and  combined  stresses 
within  a  material,  causing  failure. 

4.  FAILURE  MECHANISMS  IN  MATERIALS 

The  mechanism  of  failure  within  materials  varies  according  to  material  type  with  elasto¬ 
meric  materials  failing  adhesively  through  transmission  of  the  shear  stress  to  the  substrate 
breaking  the  bond.  Plastic-like  materials  and  soft  metals  deform  under  impact  and  flow 
plastically  resulting  in  craters  and  pits.  Isotropic  ceramics  and  hard  metals  are  eroded  by 
work  hardening  and  subsequent  fracture  of  small  imperfections  in  the  surface.  As  these 
imperfections  are  removed,  protrusions  are  formed  against  which  the  flowing  liquid  acts  to 
exert  a  shear  stress  and  turning  moment,  causing  failure.  All  these  mechanisms  have  been 
observed  in  this  evaluation  series. 

6.  CALIBRATION  RUNS 

To  Investigate  the  effects  of  sample  position  on  sample  damage  both  vertical  and  left/right, 
four  standard  or  calibration  runs  were  conducted.  The  wedges  for  these  runs  contained  80 
samples  of  material  cut  from  the  same  sheet  of  PlexiglaB.  Calibration  runs  were  made  at 
Mach  1.5,  2.0,  2.5,  and  3.0.  Data  for  these  runs  are  shown  in  Figures  12  through  15.  Vertical 
and  left/right  positions  are  shown  in  Figure  16.  Left  side  losses  are  represented  by  the  dashed 
lines;  right  side  losses  are  shown  by  solid  lines.  In  general  the  data  is  random  at  all  velocities 
and  for  all  angles  with  the  left  and  right  curves  crossing  without  indicating  any  pattern  or 
trend. 

This  random  weight  loss  effect  may  be  explained  in  terms  of  probabilities  of  drop  size 
distribution  experienced  by  any  particular  single  exposed  sample.  It  is  not  difficult  to  imagine 
that  a  sample  on  one  side  of  the  wedge  could  experience  impact  with  a  somewhat  different  total 
number  of  drops  and  average  drop  size  than  the  other  side  when  traveling  6000  feet  through  a 
tube  of  air  in  which  random  size  water  particles  are  dispersed. 

It  may  be  concluded  from  Figures  12  through  15  that  there  are  no  serious  effects  which 
make  the  samples  position  dependent.  Positions  1  and  8,  i.  e.,  top  and  bottom,  at  60"  show 
somewhat  greater  losses  than  all  samples  at  the  same  angle  in  positions  2  through  7.  This 
becomes  more  serious  at  the  high  velocities  and  can  be  explained  only  as  an  end  effect  in 
which  the  wave  pattern  differs  from  that  which  is  typical  over  the  center  section  of  the  two- 
dimensional  wedge.  The  normalizing  tondency  of  staggering  samples  on  either  side  of  the 
wedge  partially  overcomes  this  effect. 
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Figure  IS.  Mach  3.  0 


CAL  SAMPLE  POSITION 


libration  Run  Data  (3366.4  ft/ sec) 
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Note:  The  letters  and  numbers  of  the  positions  have  no  relation  to  the  letters  and  numbers 
of  the  classes  of  materials 

Figure  16.  Sample  Position  Numbers  in  Wedge 


When  the  16  data  points  for  Plexiglas,  material  1-2,  were  averaged  fo*'  the  same  impact 
angle  and  velocity  before  plotting  the  curve  MPPR  vs  sin  0  or  erosion  rate  vs  normal  com¬ 
ponent  of  velocity,  the  same  curve  wao  produced  as  was  obtained  from  a  run  In  which  only 
two  data  points  per  angle  were  available.  This  Is  an  indication  thBt  two  samples  exposed  to 
the  same  test  conditions  is  not  too  small  a  sampling  to  yield  reliable  data. 
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EVALUATION  RESULTS 


a  18  discussed  individually.  The  presents and  evaluation  includes 

erosil  H  t?  °f  ^  ma-eria1'  an  indication  of  important  properties,  results  and  treatment  of 

6rOSlOn  iiLLLll.  uunniiisinnia  T*onru »»Wi nr»  iKa  _  1  •  •  * 

■  - —  — •'-*  “**  ***”•*  4vw**uuouuuuuua  lux-  ius  improvement. 

It  is  again  emphasized  that  these  materials  were  not  specifically  designed  or  prepared  for 
^upc rr.cn, c  r««.  5,oe.oi,  remauaiee  and  any  poor  penormance  in  the  rain  envii*  nment  by  no 
mea^s  inmoates  any  criticism  or  disparity  in  their  utility  for  other  nonerosive  applications 
°utstaadln8  performance  in  the  rain  should  not  be  taken  as  an  endorsement  of 

®  ,he  Govei'nraent:  11  18  rather  a  function  of  the  materiala  properties  and 

their  relationship  to  erosion  resistance. 
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1.  CLASS  A  -  ISOTROPIC  CERAMICS 

A-l  Pyroceram  9606 

Pyroceram  9606  is  a  glas8-ceramic  material  developed  by  and  proprietary  to  the  Coming 
Glass  Works.  It  has  been  used  extensively  for  missile  radomoa  in  the  supersonic  range  and 
remains  one  of  the  best  available  materials  in  lenu'i  at  Doth  cost  ana  overall  performance. 

Thin  materia*  la  oentrlfug&lly  spun  or  cast  in  a  female  mold  In  tbo  glass  form  after  which 
It  is  rough  mac  hi  nod.  Final  grinding  Is  completed  cfter  conversion  to  the  ceramic  stage. 
Dielectric  property  tolerances  are  excellent  because  of  the  close  control  of  batches,  and 
finish  machine  tolerances  to  provide  precision  radomes. 

It  has  zero  porosity,  good  flexural  strength,  moderate  thermal  expansion  properties  and  a 
high  use  temperature.  It  may  therefore  he  consi'lered  to  be  good  in  thermal  stock  resistance, 
depending  upon  the  wall  thickness  for  a  specific  application. 

Pyroceram  9606  is  not  as  erosion  resistant  as  highly  dense  alumina  or  beryllia  but  in  more 
resistant  than  cordlerito  or  fused  silica  of  the  isotropic  ceramics.  Specimens  of  Pyroceram 
9606  were  undamaged  in  all  positions  at  velocities  up  through  Macb  2.0  The  60°  spec i mere 
were  eroded  at  Mach  2.5  and  3.0  and  the  45°  specimens  were  also  damaged  at  Mach  3 
Otherwise  the  material  exhibited  good  erosion  resistance. 
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A-2  Pyrocerani  9611 

This  material  Is  a  developmental  formof  Pyroceramund  has  a  higher  density  and  dielectric 
constant  than  the  9606.  It  has  zero  porosity  but  lower  flexural  and  tensile  strength.  Since  it  vs 
both  developmental  and  proprietary,  very  limited  information  is  available. 

This  material,  in  general,  performed  Letter  than  the  glasses  tested  but  net  as  well  as  the 
9606  Pyrocerani,  alumina,  or  beryllia.  Up  through  Mach  2.0,  performance  was  better  than 
fused  suica;  at  greater  Mech  numbers  its  performance  was  unsatisfactory  at  all  impact 
angles.  Upon  failure  die  material  dices  similar  to  certain  types  of  safety  glass  with  small, 
round-edged  pieces,  but  without  noticeable  surface  erosion. 
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Figure  18.  Rain  Erosion  Damage  Data  for  9611  F  'r^-aram 
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A- 3,  A -4,  A-5  Alumina, 

Three  reprraentatlve  high  grade  aluminas  were  lurnlsliad  far  evaluation  by  two  suppliers. 
Alsimag  No.  753  alumina  from  the  American  Lava  Division  of  the  3-M  Company  was  tested 
on  the  same  run  with  Western  Cold  and  Platinum  Company  Wesgo  AL-300,  and  Wesgo 
Wearox  aluminas.  Propuitios  of  these  three  materials  are  similar  (see  table  VII).  All  three 
et?  typicrl  ™  the  r^tcrUIs  ciuivutly  »»■  uu«  ou  «>*oiu  uubbuo  systems. 

As  &  radome  material  the  high  grade  aluminas  have  the  greatest  hardness,  elastic  modulus, 
and  ueaurai  strengths  of  the  isotropic  ceramic  materials  considered  in  this  program. 
Porosity  Is  zero  with  dielectric  constants  ranging  between  9.6  and  9.9.  These  materials 
make  excellent  radomes  If  the  particular  wall  construction  at  the  design  frequency  is  within 
the  allowable  thermal  stress  limit.  Cost  is  likely  to  be  somewhat  higher  than  for  some  other 
ceramics  because  of  relatively  high  cost  diamond  grinding. 

Of  ail  dielectric  materials  evaluated  these  materials  show  the  greatest  rain  erosion  re¬ 
sistance.  At  Mach  3.0  sod  2.5  no  measurable  damage  was  observed  for  the  Al&imag  753 
alumina;  U.  .  Wesgo  AL  309  and  Wesgo  Wearox  were  evaluated  only  at  Mach  3,0.  Since  frac¬ 
ture  did  occur  in  the  753  and  Wearox  specimens  at  60"  at  Mach  C  O.  the  AL-300  may  be 
slightly  superior  in  rain  erosion  resistance.  It  is  likely  that  this  difference  results  from  a 
smaller  grain  size  within  the  AL-300  material. 
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Figure  20.  Rain  Erosion  Damage  Data  for  Wearox  Alumina  and  AL-300  Alumina 
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Dense  beryllia  ceramics  are  manufactured  by  several  companies  in  (he  United  Jtates.  The 
number  is  very  limited  because  of  the  toxic  effects  from  working  with  the  material  in  the 
powder,  dust,  or  vapor  form.  Special  proceasingfaeilities  are  required  to  protect  the  workers 
from  these  potential  health  hazards.  This  does  not  mean  that  beryllia  should  not  be  considered 
as  a  candidate  r ado  me  material.  It  means  only  that  the  special  facilities  tend  to  raise  the 
cost  of  products  made  from  this  material.  These  companies  currently  have  the  capability  of 
manufacturing;  large  size  radorne  blanks.  They  do  not  however  have  the  finish  grinding  capa¬ 
bility;  this  finishing  would  have  to  be  accomplished  by  companies  having  such  grinding  equip¬ 
ment. 


Beryllia  has  an  exceptionally  high  thermal  conductivity,  comparable  to  that  of  aluminum 
metal.  Combined  with  fairly  high  flexural  and  tensile  strength  this  material  cun  be  expected 
to  provide  good  thermal  shock  resistance  for  many  missile  applications.  Its  dielectric  prop 
erties  are  excellent  and  it  is  nonporous.  I  he  hardness  approaches  that  of  alumina  which 
should  make  it  very  resistant  to  rain  erosion. 

The  Alsimag  754  beryllia  specimens  were  provided  by  American  Lava  Division  of  3-M 
Company.  The  test  specimens  for  60°  at  Mach  2.0  were  broken  rather  than  eroded.  This 
occurred  before  the  brittle  materials  were  potted  and  additional  samples  were  not  available 
for  rerun.  This  is  obvious  from  the  samples  showing  no  damage  at  Mach  2.5.  Weight  loss 
at  Mach  3.0  is  very  minor  indicating  that  beryllia  may  be  rated  second  only  to  high  grade 
alumina. 


OAT  l 
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A-7  Cordierlte  -  Alsimag  No.  701 

Cordierlte  (2MgO<2  Al^O^-  5S10,j)  is  of  Interest  for  radome  manufacture  because  it  is  non¬ 
proprietary,  has  good  dielectric  properties,  is  fairly  hard  and  has  medium  strength  by  com¬ 
parison  with  other  ceramics.  It  has  the  disadvantage  of  being  slightly  porous  and  would,  there¬ 
fore,  require  a  sublimation  type  sealer  such  as  Teflon.  This  material  has  a  relatively  narrow 
firing  range  requiring  precision  firing  control.  Otherwise  it  can  be  manufactured  essentially 
with  tho  same  slip  casting  or  pressing  processes  as  silica  or  alumina. 


The  cordierlte  evaluated  in  this  program  is  the  Alsimag  No.  701  furnished  by  the  American 
Lava  Division  of  the  3’  M  Company.  Generally  cordierlte  can  be  rated  between  9606  i’yrocerum 
and  7941  fused  silica  in  erosion  resistance.  The  surface  eroded  measurably  at  45°  and  60°  at 
higher  velocities.  All  samples  were  potted  Including  the  Mach  2,0  specimens. 
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Figure  22.  MDPR  vs  Sine  Impact  Angle  -  A  ltd  mag  701  Cordierlte 
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A-8.  A-9.  A-10.  A- 11,  A-12  Fused  Silica 

Fi  re  separate  fused  silica  materials  were  furnished  by  three  suppliers:  (1)  one  from 
Corning  7941;  (2)  three  from  the  Pomona  Division  of  General  Dynamics  (GL)/P);  and  (3)  one 
from  the  Brunswick  Corporation.  Of  the  three  silicas  from  GU/.V.  Tvdo  1  was  silicon  ousted. 
Type  II  Teflon  coated,  and  Type  111  uncoated.  A,i  five  may  be  considered  as  representative 
of  the  available  materials  from  many  suppliers.  From  the  data  of  Table  VII  the  7941  is 
likely  nf  MvhAr  atrwiwth  ihpn  thp.  otHora 

in  spite  of  a  serious  porosity  problem  and  lack  of  strength  the  fused  silicas  have  <ho  lowest 
dielectric  constant,  loss  tangent,  and  thermal  expansion  of  any  of  the  ceramics.  !«.  is  the  bent 
available  material  in  thermal  shock  resistance,  has  a  very  high  peak  use  teinporaturu,  and 
ablates  dourly  above  the  softening  point,  'l'here  are  certain  applications  where  fused  silica 
may  be  the  only  material  capable  of  meeting  the  thermal  environment  at  very  high  heal  flux 
levels.  It  may  also  be  attractive  for  some  applications  from  a  cost  standpoint. 

In  observing  the  results  of  fused  silicas  Types  I,  15  and  HI  the  damage  is  very  similar  The 
data  has  been  combined  to  average  the  weight  losses  using  six  samples  pur  angle  instead  of 
two.  MDPH  equations  were  develonod  for  both  7941  and  the  GP/P  eiiicas  producing  constants 
which  indicate  the  GD/P  silica  is  slightly  more  resistant  than  the  7941. 

The  fused  silicas  as  a  group  are  the  poorest  ceramic  materials  evaluated.  When  using  this 
material  for  any  missile  radome  the  impact  angles  should  be  very  small  and  metallic  nose 
tips  should  bo  Incorporated  into  the  design  where  feasible. 


Figure  24.  MDPH  vs  Sine  Impact  Angle  -  GD/  P  Fused  Silica 
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Figure  25.  Rain  Erosion  Damage  Data  for  Corning  7-341  Fused  Silica 
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Figure  26.  Rain  Erosion  Damage  Data  for  GD/P  Fused  Silica  (Type  1 


RAIN  EROSION  MATERIAL  E  v  A  L  u 
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Figure  21.  Rain  F.rosion  Damage  Data  for  C. 


Figure  28.  Rain  Eroelou  Damage  Data  for  GD/P  Fused  Silica  (Type  HI) 
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I  he  'A  '  ■  »i»lwn  h  «iutniniiri!  nxil*-  -ailon-:  nrOt-  i-ui  li<>u  tit;-,  in -on  i«v>bQj'Od  as  ■  p*i  ei.Uai 

meanB  of  extending  tlx  thermal  cur  at:  Illy  <d  atmnnuin  oxi'ie.  tor  r«-dur«'d  radonu-  xclpts, 
iiul  lu;  curium  L  lx  aillum'  application:.,  i  rat  uaii  '  its  ui.  ai  i»;Ki[jns  m*  naii  cuimirjuii’Ji!  i  in 
Una  material  nercMsibitr  r  -latively  thin  skmn  (0.020-0  040")  ami  law  dielectric  cores  for 
Hkm-uoru  matching.  The  overall  beat  compromise  in  achieving  good  electrical  performance 
’ml  hh»  sfac.ory  thermal  shock  ir  dr. lance  nereSHilates  the  uki:  of  about  a  1  grn/oc  foamed 
core  with  a  4  gm/cc  high  density  skin.  Thin  combination  alloWH  thermal  fracture  within  the 
core  rather  than  the  skins  under  severe  heating  mien  yet  allows  for  reasonably  high  iKln 
strengths. 

Alumina  ‘‘A**  sandwich  samples  having  0.020  inch  china  were  supplied  by  tho  Brunswick 
Corporation  for  evaluation  at  all  four  Mach  numbers.  Two  additional  Bets  having  0.040  inch 
skins  but  with  the  sane  core  density  wore  furnished,  one  each  fmm  lirunswick  and  Narnico. 
for  evaluation  at  Mach  t.5. 

Tho  fabrication  technology  for  construction  of  small  ratio  roes  by  this  method  has  been  de¬ 
veloped  by  several  companies.  Although  there  arc  certain  disadvantages  nine  rent  within  a 
ceramic  samlwich  construction,  it  should  be  considered  us  a  manufacturing  method  which  is 
achievable. 

There  are  no  significant  erosion  differences  between  the  Materials  11-1,  B-2,  and  B~3  from 
two  suppliers  and  constructed  by  different  tecbzd'iues.  The  same  0.040  inch  skins  and  similar 
core  densities  of  the  two  materials  result  in  very  Similar  damage  »*«  *°ted  at  Mat'h  1.5. 

The  B-2  alumina  sandwich  with  a  i  gm/cc  core  density  with  0.020  inch  skins  was  evaluated 
between  Mach  1.5  and  3.0.  Except  for  very  low  Impact  angles,  this  material  was  severely 
damaged  at  Mach  2.0  and  above.  The  cause  oi  failure  of  these  composites  1b  the  low  com¬ 
pression  strength  of  the  core  material  allowing  impact  failure  of  the  thin  outer  skin.  Weight 
losses  for  these  materials  are  not  conveniently  presentable  in  graphical  or  equation  form. 
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Figure  29.  Rain  Erosion  Damage  Data  for  ‘J.040  Inch  Alumina/ A 'jumina  Foam/  0.  'MO  In: 
Alumina 


Figurt!  30,  Rain  Erosion  Damage  Data  for  0.020  Inch  Alumina/ Alumina  Faam/  0,020  Iicta 
Alumina 
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3.  CLASS  C  -  l'lASTlC  I<AMINA  I  KS 

C  -1  polyljcn7 imidazole  (I-'Hi)  laminate 

Several  high  temperature  resins  are  being  considered  for  laminate  applications  in  ‘die  *)00°F 
range  and  polybenzimidazole  is  one.  1  hese  laminates  are  processed  from  pro  impregnated 
sheets  of  glass  cloth  which  contain  a  propolymer  of  the  benzimidazole.  By  a  combination  of 
various  catalysts,  hij^i  temperature  and  moderate  pressure,  the  prepreg  sheets  are  formed 
into  laminates.  A  port  cure  of  several  hundred  degrees  Fahrenheit  is  normally  employed  to 
fully  develop  properties  of  the  finished  laminate.  A  dark  brown  color  is  characteristic  of  the 
cured  laminate.  Poor  wetting  of  the  glass  cloth  by  the  polybenzimidazole  resin  results  in 
laminates  which  arc  dry;  i.  e.,  noi  rich  in  resin,  these  laminates  typically  possess  10  to  2l)'j|f, 
porosity  with  excellent  flexural  and  tensile  strengths.  The  PBI  (lmidite)  laminate  specimens 
were  furnished  by  Narmco  R  anil  L)  Division  of  the  Whittaker  Corporation. 

t  he  PBI  laminates  were  evaluated  at  velocities  from  Mach  1.5  to  Mach  3.0  with  Increasing 
erosion  as  the  speed  increased.  Erosion  of  those  laminates  was  found  to  obey  the  high  velocity- 
short  exposure  time  equation  developed  in  Section  V-B.  Figure  13  shows  the  mean  depth  of 
penetration  rate  as  a  function  of  the  sine  of  the  impact  angle  and  the  constants  for  this  PBI 
material  are  summarized  in  Table  VIII. 

The  erosion  of  the  PBI  laminate  was  more  severe  than  that  of  the  epoxy  laminates,  com¬ 
parable  to  the  polyimtdes  and  less  severe  than  the  silicone  or  inorganic  laminates. 
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C-2  Furane  8265  Kpuxy  Laminate 

Epoxy  rosins  are  widely  used  for  many  applications  and  their  utilization  for  r  ado  me  lami- 
n .;iu.:  is  extensive.  I  me  re  it  In  higliur  uso  lemperaturu.-;  ha.;  prompted  a  number  of  companies 
to  develop  epoxies  with  good  temi)erature  capabilities.  One  such  resin  is  the  fur. uie  82nf> 
epoxy  of  the  Furane  Plastics  Company  which,  although  dark  brown  in  color,  retains  Ps  •  true- 
tural  prupcrtlc.5  for  tong  Periods  up  to  450  F. 

Laminates  can  iie  prepared  by  conventional  press  techniques  with  zero  poros.ity  and  good 
flMvurul  And  conmressive  s  trunk  Uis.  Ilie  loss  tangent  of  this  laminate  Is  reasonably  high  at 
0  oi'j.  i  he  specimens  which  were  evuluatod  in  tills  series  were  provided  by  Genera)  Dynamics/ 
I-d.’-t  Worth  Division. 

ihc  performance  of  the  Curare  laminate  was  outstanding  at  Mach  1.5  with  no  measurable 
erosion.  As  with  the  t'lU  laminate,  erosion  increased  with  increasing  velocity  and  the  erosion 
rate  (MDl’K)  war.  found  to  vary  dtrectiy  with  the  normal  component  (sin#)  of  the  vilo.  ity  of 
impact.  The  constants  for  Furane  laminates  arc  found  in  Tabic  VT 1 1  and  agreement  with  the 
equation  war,  excellent.  The  Furu/ie  epoxy  laminate  along  with  the;  Kjxin  H28  epoxy  had  the  best 
erosion  resistance  ol  the  uncoated  laminates  evaluated. 


0  0.2  0.4  0.6  0.8  1.0  1.2 

SINE  IMPACT  ANGLE 

Figure  33.  MDPR  vs  Sine  Impact  Anfle  -  Furane  Epoxy  Laminate 
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r-3  Epon  828  Epoxy  Laminate 

Perhaps  the  most  widely  used  epoxy  laminating  resin  is  the  Epon  828  resin  of  'moll  i ihnmicu 
Company,  This  epoxy  is  normally  press  formed  with  an  amine  calatyst  b>  « > i*i nnot**  cure 
Laminates  of  Ihis  epoxy  are  good  to  450"  1*‘  for  up  to  800  hours  witli  retention  ui  ■  ■:*•/  omd  prop 
ertiet .  Zero  porosity,  dark  green  laminates  can  be  fabricated  which  !«■>»■<■  >  density  c 

1.6  (j/cnK 


The  Epon  838  laminate  is  so  widely  used  that  il  was  selected  as  standard  .,ubstratc  o 
which  to  evaluate  elastomeric,  ceramic  and  nickel  coatings  All  Epon  828  InminMtes  wer 
furnished  by  NAVAlitDE  VCEN. 

The  uncoated  Epon  828  laminate  was  second  only  to  the  Furane  in  resistance  to  cain  impuei 
At  Mach  1.5,  there  was  only  a  trace  of  erosion  in  the  (  0  samples  with  all  others  untouched 
At  Mach  2.0  and  2.5  the  erosion  rate  was  comparable  to  the  Furane  epoxy.  Agreement  with 
the  rain  erosion  equation  was  once  again  good  and  constants  were  derived  (nee  I'abio  VJII) 


Figure  35.  MDPR  vs  Sine  Impact  Angle  -  Epon  828  Epoxy  Laminate 


C-4  No  Specimens 

This  number  was  assigned  to  an  epoxy  laminate  with  the  upper  plies  loaded  with  alumina. 
However,  fabrication  difficulties  forced  its  elimination  from  Ur 2  program. 
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C-5  Polyimide  Laminate  BMEC  1937  Sealer 

The  polyimide  laminate  is  anothai  fiOO°F  plastic  structural  material  being  considered  for 
rupersonie  transport  (and  advanced  missile)  applications.  'five hi;  laminates  are  fabricated 
using  a  prop  rag  eU-th,  high  tempurature  and  pressure  cure  and  pe.it  cure.  The  polyimide 
laminate  b  is  belter  oxidative  stability  than  the  PRi  laminate  and  hence  retains  its  physical 
nmiiHrliHf;  mh  well  nr  hnimr  than  the  PHI  although  its  initial  physical  proper  (Inn  are  lower. 


The  polyimide  rosins  resemble  the  PBI  in  dark  brown  color  and  poor  wetting  of  the  glass 
olotii,  la  order  to  overcome  the  porosity  which  results >  a  sealer  seen  as  ™  oiliccnu  iOSm  in 
fill  the  pores  is  advantageous.  The  polyimide  laminates  with  BMEC  1937  silicone  sealer 
were  supplied  by  Hoeing/ Airplane  Division. 


The  data  for  the  sealed  polyimide  laminate  once  again  followed  the  rain  erosion  equation 
developed  earlier.  However  tho  sealer  inhibited  tho  erosion  of  the  laminate  as  compared  to 
the  uncoated  polyimide  laminate  (Specimen  C-6).  At  Macb  1.5  tho  toaler  was  partially  re* 
moved  on  the  45°  and  60°  samples.  This  removal  was  considerably  more  pronounced  at 
Mach  2.0  but  thore  was  littie  or  no  damage  to  the  laminate  itself.  Constants  for  this  material 
in  the  rain  erosion  equation  are  located  in  Table  VIII. 


Figure  37.  MDPR  vs  Sine  Impact  Angle  -  Polyimide  Laminate  BMEC  1937  Sealer 
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C-6  Polyimide  Laminate  (Uncoated) 

Another  advantage  of  the  polyimide  resin  over  the  PBI  is  its  processability.  The  laminates 
from  polyimide  are  more  eusily  fabricated  using  previously  described  techniques,  A  com¬ 
mercially  available  polyimide  is  Sky  guard  700  of  Mom.anto.  I  .uminates  of  this  resin  were 

3 

prepared  by  Brunswick  Corporation  with  density  of  1.7  g/cm  ,  flexural  strength  of  60,000  psi 
and  loss  tangent  of  0.015.  These  laminates  still  appeared  dry,  not  as  rich  in  resin  as  the 
epoxies,  but  richer  than  the  PBI. 

The  erosion  oi  the  uncoated  polyimide  laminate  falls  between  that  of  the  FBI  laminate  and 
the  sealed  polyimide  in  severity.  The  damage  wus  moderate  at  Mach  1.5  and  increasingly 
severe  at  higher  speeds.  Constants  were  once  more  uerived  which  fit  the  high  velocity-short 
exposure  time  equation. 


0  0.2  0.4  0.6  0.8  1.0  1.2 

SINE  IMPACT  ANGLE 

Figure  39.  MDPR  vs  Sine  Impact  Angle  -  Polyimide  Laminate  -  Skyguard  700 
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C-7  Nomex  Epoxy  Laminate 


The  Nomex  Nylon  fabric  is  widely  utilized  in  many  laminate  applications  because  of  its 
fabricability.  The  Nomex  impregnated  with  a  Bakelito  epoxy  resin  is  being  considered  for 
some  advanced  missile  applications.  Although  possessing  low  density  (1.38),  Nomex  lami¬ 
nates  have  zero  porosity  and  a  light  tan  color.  Specimens  from  Boelng/Aerospaco  Division 
were  evaluated. 

The  erosion  rates  for  the  Nomex  epoxy  laminates  were  slightly  greater  than  the  Furano 
and  Krvm  «?«  epoxies  at  Mach  1.5  and  2.0.  At  Mach  2.5  the  mean  opth  of  peuaUaUuu  rate 
was  still  greater  than  ihe  other  epoxies  but  less  than  the  high  temperature  plastic  laminates 
(PBI,  polyimtde,  and  silicone).  Constants  for  the  Nomex  laminate  in  the  equation  were  de¬ 
termined.  (See  Table  VIII.) 


o  0.08 


SINE  IMPACT  ANGLE 


Figure  41.  MDPR  vs  Sine  Impact  Angle  -  Nomex  Epoxy  Laminate 
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Figure  42.  Rain  Erosion  Damage  Data  for  Nomex  Epoxy  Laminat 
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C-8  IX  2106  Silicone  Laminate 

Silicone  resius  ior  laminating  purposes  have  not  been  too  widely  employed  but  the  most 
extensively  used  is  the  Dow  Corning  DC-2106  silicone.  A  set  of  specimens  provided  by 
NAVAIltDEVCEN  was  evaluated  at  Mach  1.5  only  and  erosion  resistance  was  the  poorest 
fnr  onv  nlticlin  li.it  inutH  Avuinuljtfl  RuAftimnnK  iivnn  :it  30"  WHrH  mrviHrutnlv  eivwiwl  at  Much  1.5 
and  this  was  not  noted  on  any  other  plastic  laminates  at  this  speed. 
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4.  CLASS  D  -  INORGANIC  LAMINATES 

D-l  Filament  Wound  Alumina-  Silica/S  Glass 

The  inorganic  laminates  arc  of  interest  because  of  their  very  high  temperature  capabilities 
(up  to  1000’F).  'these  laminates  arc  processed  in  much  the  same  way  us  the  plastic  laminates 
except  an  inorganic  Impregnating  binder  is  used.  One  such  structural  material  is  continuous 
fiiainunt  wounri  s-giua;  laminate  in  which  the  hinder  in  or.  alurnlaa.-ollluu.  mUiuic,  The  iami- 
nutes  prepared  from  thi3  combination  arc  cured  at  high  temperature  but  arc  poorly  formed 
and  contain  noticeable  voids  with  a  grainy,  oriented  surface.  Lockheed  Company,  Missiles 
and  Space  Division  provided  uutnpieH  for  evaluation. 


Of  all  laminated  construction  examined  in  this  program,  the  filament  wound  alumina-eilica- 
S  glass  was  eroded  most  severely.  This  is  In  part  to  be  expected  because  the  orientation  of 
glasB  fibers  introduced  by  the  winding  process  would  reduce  the  strength  of  the  overall  com¬ 
posite. 

At  Mach  1.6  damage  was  observed  o:,  die  60“  specimens  with  only  slight  erosion  at  46".  At 
Mach  2.0  and  2.5  the  CO"  specimens  were  completely  gone  after  exposure,  the  45°  specimens 
r  penetrated  and  the  50“  and  90°  samples  damaged  badly. 


Figure  45.  MDPR  vs  Sine  Impact  Angle  -  Filament  Wound  Alumina  -  Silica/ S  Glass 
Laminate 
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Figure  46.  Rain  Erosion  Damage  Data  for  Filament  V'rvnd  Alumina  -  SLLiaa  '5  Glass 

Laminate 
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D-2  Aluminum  Phosphate  S  Glaus  laminate 

The  aluminum  phosphate  -  S  glass  laminate  is  another  inorganic  composition  which  lias 
received  wide  consideration  because  of  good  thermal  stability,  This  laminate  is  prepared 
from  an  acid  solution  which  reacts  with  the  glass  cloth  and  then  in  fired  lo  complete  the 
cure. 

me  mgr,  porosity  and  low  compressive  strength  of  AlPO^  laminates  make  them  highly 

susceptible  to  rain  erosion  damage  even  subsonically,  Specimens  of  aluminum  phosphate- 
u  £?auM  were  supplied  by  Brunswick  corporation. 

Evaluations  at  Mach  1.5  indicated  the  A1P04  laminates  to  be  comparable  to  the  DC-2106 

silicone  at  this  velocity  and  slightly  better  than  the  alumina  silica-S  glass  materials.  At 
Mach  2.0  and  above,  the  GO0  samples  were  completely  penetrated  with  the  other  positions 
showing  progressively  greater  erosion  at  higher  speeds.  The  rubber  pads  with  which  these 
materials  were  backed  up  were  also  eroded  at  the  highor  velocities  after  the  phosphate  was 
gone.  It  can  be  stated  that  the  better  wotting,  higher  physical  properties  and  improved  in¬ 
tegrity  of  the  plastic  (organic  and  semi  organic)  laminates  are  essential  for  rain  erosion 
r  ‘sistanoe.  It  is  the  lack  of  these  properties  which  are  the  weakness  of  inorganic  laminates. 


Figure  4?.  MI) PR  vs  Sine  Impact  Angle  -  Aluminum  Phosphate  Laminate 
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Figure  48.  Rain  Erosion  Damage  Data  for  Aluminum  PI 
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5.  CLASS  E  -  CERA  MIC -COATED  LAMINATES 


E-i  and  Ii-15 


Precast  Alumina/ AlPO^  Laminate 


““  *”»»  »«■»*=  cowing,  i,  uaod  tor  «  nutter  of 
- - ■»  «mu  ttiumiiiu.  nits  alumina  is  cant  on  a  hitth  temueratnvA  B,ihgfvi»o 

“ *■“  3‘"tored1to  <f““»  “•  HU  Plates,  thickness  control  is  £odZS walSC 
in  rauome  shapes  involves  Intricate  metal  molds.  K  wau  caatln8 

^  Precast  coatings  are  then  bonded  to  the  laminate  substrate  usimr  on  adhesive  nr 
he  laminate  may  be  laid  up  directly  on  the  cast  coating.  The  over-all  protection  of  this  svs 
tern  depends  directly  upon  the  quality  of  this  adhesive  bond.  Fur^er  as  wito  lhin^erSc 
coatings  prepared  by  any  technique,  the  modulus  and  strength  of  the  substrate  comnared  with 

ton  •*»  has  .  significant  offset  on  the  ero^on restetee .1- 

tem.  These  samples  were  submitted  by  die  Brunswick  Corporation.  y 

to  Pi'eCaSt  alUmlna  <SP°clmen  E-l)  was  evaluated  at  all  velocities 

to  Mach  3.0  with  increasing  erosion  at  higher  speeds.  Limited  protection  was  afforded  tho 
aluminum  phosphate  at  Mach  1.5;  the  coating  was  gone  at  60“  with  n  “Sr  dam^e 

ZTC  JZ-  2!  P°3itlone  were  lntact-  At  Mach  2.0  the  laminate  was  mo^dar^ged  ^0“ 

but  the  other  positions  were  only  slightly  damaged.  The  60°  samples  ?'  Mach  2  5  and*?  n 

completely  penetrated  through  the  laminate  anTthe  45“  specimens  h^i  le coa^rl'LZ 

An  0.040  inch  thickness  of  precast  alumina  (Specimen  E-15)  over  A1PO.  was  evaluated  at 

S  inch  Sfckn^fs  InTneral^raiihel01^?  to  J"*  slightly  better  P^otton  than  the 
.i,  ...  ***  general,  th©  adhesive  bond  on  these  specimens  was  Quite  nflhRfflpfnpv 

with  tttnoll  pieces  remaning  on  the  laplnnte  even  after  confhSS 
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Figure  49.  Rain  Erosion  Damage  Data  for  0.020  Inch  Precast  Alumina/  AlPO^  Laminate 


Erosion  Damage  Data  for  0.040  Inch  Precast  Alumina/ A1PO.  Laminate 
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E-2,  E-3.  E-4.  E-ll.  E-12  Plasma-Sprayer!  Alumina  Ovar  Aipn  snii_.u_ 
Alumina-  S  Glass  or  Polyimide  4 


rpv.  'V  r>1nn«v«n  nnMn..l«~  4  in  4~  Alt.  ...  -  Jl,  »  t .  -  Jl .  .«  «  .  •*  1  I* 

ah*.'  oiia t*jr Aug  Aixu. ad  (uivuioi  AAic Liiim  unu:g  wiu my  oiiipiuyeu  lur  preparing 

thin,  dense  coatings  of  ceramics  and  metals.  In  this  process,  ceramic  particles  arc  injected 
into  an  electrically  heated,  very  high  temperature  inert  gas  stream  which  me’ts  and  accel¬ 
erates  the  particles  so  that  upon  impact  with  the  substrate  they  deform  and  bond  to  the  sur¬ 
face.  The  degree  of  melting  of  the  particles  depends  on  the  particle  diameter,  density  and 
thermal  properties  and  the  enthalpy  of  the  gas  stream.  Not  only  can  a  number  of  materials 
be  deposited  on  a  number  of  substrates,  but  composite  coatings  of  several  materials  can 
be  applied  simultaneously.  The  coating  nan  be  applied  directly  to  a  laminate  substrate  If  it 
has  nigh  temperature  capability  or  on  a  liigh  temperature  mold  and  the  laminate  laid  up  or 
secondarily  bonded.  The  performance  of  these  coatings  is  once  again  highly  dependent  upon 
the  strength  of  the  substrate.  The  plasma  sprayed  coatings  over  aluminum  phosphate  and 
polyimide  were  supplied  by  Brunswic :  and  those  over  alumina-silica-quartz  glass  were 
tumlshed  by  Lockheed. 


Two  thickness? &{.020  inch  and  0.040  inch)  of  plasma  sprayed  alumina  over  auiminum  phos¬ 
phate  laminate  were  evaluated  at  all  velocities  to  Mach  3.0.  The  aluminum  phosphate  was  used 
because  its  high  temperature  stability  onabled  direct  deposition  of  the  alumina  on  the  laminate. 
In  general  the  plasma  sprayed  coatings  were  eroded  more  severely  than  the  precast  or  flame 
sprayed  coatings  even  at  the  0.040  inch  thickness.  The  thicker  coating  did  yield  more  pro¬ 
tection  at  Mach  1.5  and  2.0,  but  at  Mach  2.5  and  above  this  effect  was  negligible  with  little 
additional  protection  afforded  by  the  extra  thickness. 

Plasma  sprayed  alumina  over  alumina-silica-quartz  glass  and  polyimide  laminates  were 
evaluated  at  Mach  1.5  and  2.0  respectively.  The  alumina  over  alumina- silica-quartz  gluas 
exhibited  the  lowest  erosion  resistance  of  the  plasma  sprayed  coating-substrate  combinations. 
The  alumina  over  polyimide  performed  better  than  the  alumina  over  A1P04,  Once  again  this 

erosion  resistance  can  be  tied  directly  to  the  substrate  strength  (polyimide  stronger  than 
A1P04  stronger  than  alumina-silica-quartz  glass). 
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Figure  52.  Rain  Erosion  Damage  Data  for  0.040  Inch  FS  Alumina/ AlPO^  Lamir.ale 


RAIN  EROSION  MATERIAL  EVALUATION 
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Figure  53.  Rain  Erosion  Damage  Data  for  O.CSD  inch  PS  Alumina/ Alumina  -  Silica  S  Glass 
Laminate 
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Figure  55.  Rain  Erosion  Damage  Data  for  Alumina/ Polyimide  Laminate 
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E-5,  E-6,  E-9,  E-10  Flame  Sprayed  Alumma  Over  PHI  and  Polyimlde  I.am'naU  s 

The  flame  spraying  of  ceramic  materials  lias  Ijeen  widely  used  for  coatings  o-<  ladomes, 
compressor  blades  and  many  indtifitrhil  applications.  In  (hi:;  technique  which  is  similar  to 
plasma  spraying  the  spraying  gas  is  oxidizing  rather  than  inert  and  combustion  of  these 
trnae a  produces  the  heat  for  meltina  the  uartloles  Oxygen  a mi  arctuiu;*.  “re  the  fee!  ganrr; 
and  the  materials  may  be  fed  in  the  powder,  wire,  or  rod  form.  The  principal  difference  In 
the  alumina  coatings  produced  by  these  two  methods  is  that  the  flame  spraying  produces 
alumina  in  the  form  which  is  a  crystalline,  low  density  fuim  while  plaHma  spraying 

produces  primarily  alpha  alumina,  the  high  density  phase.  In  the  Rokide  “A”  process  of 
flame  spraying,  the  coating  material  is  fed  in  the  rod  form.  Once  again  combinations  of 
materials  to  achieve  specific  compositions  can  be  sprayed  together.  The  flame  sprayed 
alumina  over  FBI  specimens  were  furnished  by  Narmco  and  the  alumina  over  polyimlde  was 
supplied  by  Goodyear  Aerospace  Corporation. 

Flame  sprayed  alumina  coatings  in  two  thicknesses  over  FBI  laminates  and  with  and  without 
chromic  oxide  over  polyimlde  laminates  were  evaluated  up  to  Mach  3.0.  The  coatings  over 
Pill  were  produced  hy  powder  spraying  directly  on  the  laminate.  The  chromic  oxide  addition 
to  the  alumina  forms  a  eutectic  with  considerably  improved  properties  and  better  strength. 
The  coatings  on  polyimlde  were  sprayed  on  a  metal  die  using  the  Rokide  "A”  (rod)  process 
and  then  the  laminates  were  laid  up  afterward. 

The  flame  sprayed  coatings  over  FBI  performed  reasonably  well  in  the  rain;  however,  at 
60"  the  coating  was  gone  even  at  Mach  1,5.  In  these  specimens  the  effect  of  coating  thickness 
was  less  pronounced  than  with  plasma  sprayed  coatings. 

The  Rokide  “A”  coatings  with  and  without  chromic  oxide  were  comparable  at  all  speeds 
and  yielded  better  protection  than  the  powder  sprayed  coatings  or  the  plasma  sprayed  coatings 
(although  tliia  may  be  due  to  a  better  bond). 

E-7  No  Specimens 

This  number  was  originally  assigned  to  a  vapor  deposited  alumina  coating  over  a  PRI 
laminate.  However,  no  specimens  were  obtainable  for  evaluation. 


62 


9  i  & 


3 


W 


VTTT 

!>•*/*  4)  AAttftlt* 


I- 

y4" 


fc  ‘  *  g, 

fi  i  ? 

-1  3  iw 


-.  «  &  s 

1  sS  *  1 

Wi  —  X  k  W  9 

k  0  5  m  |Z  7 

«  C  a  w  u  «  m 

s  a  x  3  ■>-  o  3 


:PP 


i  rrr 

Offt/lit  lAIMna* 


~ri 


li|  I  i ; 

3  r  3  ^  .,  u 

d3i  rJ  ->  S 


j  fc  &  .5 

«  «  «  °  ^ 

S  «  i  5  t  S  4 

5.5  S  S  2  2  S 


— * 

-99-3 

sSfl 


rfrr 

oN/»4»  Aborts* 


J  3 Jl  3  3  I 


y|  ,  —  x  ^ 

s  i !  i  r 


Figure  57.  Rain  Erosion  Damage  Data  for  0.040  Inch  Flame  Sprayed  Alumina/  FBI 
Laminate 


Erosion  Damcge  Data  for  0.030  Inch  Rokida  "  A”/Polyimide  Laminate 


EROSION  MATERIAL  EVALUATION  RAIN  EROSION  MATERIAL  EVALU 

'RCE-NAVY  PROGRAM  AT  HOLLOMAN  AF8  SLED  TRACA  JOINT  AIR  FORCE-NAVY  PROGRAM  AT  HOLLOMAN  AF! 
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E-8  Alumlna/RTV521/Polylmide  Laminate 

An  Interesting  composition  of  alumina  filled  with  a  vitreous  clay  is  being  considered  for 
radome  applications  nn  advanced  aircraft.  The  addition  of  clay  greatly  improve*  ihe  hardness 
of  the  alumina  coating  (to  Knoop  1000)  and  facilitates  fabrication  of  radomes  with  It.  The 
application  of  this  material  over  anRTV  silicone  which  acts  as  an  interlayer  with  low  modulus 
to  counteract  thermal  expansion  differences  and  as  an  adhesive  and  then  backed  up  with  a  thin 
polylmide  laminate  Is  now  being  evaluated.  Samples  of  this  composition  were  provided  by 
Boeing/Airplane  Division. 

The  dielectric  design  of  this  structure  would  he  difficult  because  of  the  differences  In 
dielectric  constants  for  the  three  materials.  Considerable  experimentation  would  be  required 
to  establish  operating  capability  of  such  a  system.  Tapered  construction  of  two  layers  might 
also  be  required. 

At  Mach  1.5  a  coating  of  0,125  inch  thick  alumina  (71.6%)  filled  with  clay  over  0.030  Inch 
RTV521  silicone  over  0.100  inch  polylmide  laminate  was  undamaged  after  exposure.  At 
Mach  2.0  the  £0"  specimens  were  diced  into  many  small  pieces  but  the  a d h  e  a  1  o n  to  the 
polylmide  through  the  silicone  was  maintained.  At  Mach  2.5  and  3.0  the  60”  specimens  were 
completely  penetrated  and  the  other  positions  increasingly  eroded. 

E-13  No  Specimens 

Plasma  sprayed  alumina  over  a  filament  wound  silica  quartz  glass  laminate  were  planned 
for  this  number.  This  would  be  in  distinction  to  the  plasma  sprayed  alumina  over  the  silica 
quartz  glass  laminates  prepared  by  lay-up  techniques  (Specimen  E-ll).  No  specimens  were 
obtained  for  evaluation. 
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M  EROSION  MATERIAL  EVALUATION 

FORCE-MAVY  PROGRAM  AT  HOLLOMAN  AFB  SLEO  TRACK 
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E-14  Roklde  A  Alumina  (Epoxy  Impregnated) /Epoxy  Laminate 

For  lower  temperature  substrates  such  as  epoxies,  the  “pick-up**  technique  in  which  the 
ceramic  is  sprayed  on  a  mold  and  the  coating  is  picked  up  by  laminating  directly  onto  it  can 
be  used.  This  maximizes  the  adhesive  bond  obtainable  for  thi:  coating-substrate  combination. 

A  technique  which  is  useful  for  sealing  the  pores  in  a  sprayed  coating  is  to  impregnate  the 
sprayed  ceramic  with  an  organic  resin.  This  resin  can  then  be  room  temperature  cured  or 

uoair  wuicu  iu  occu  ll, 

Specimens  consisting  of  a  flame  spraj’sd  alumina  (Roklde  “A”  process)  onto  whioh  an 
Epon  828  epoxy  laminate  had  been  laid  up  and  on  which  the  surface  had  been  Impregnated 
with  Epon  828  epoxy  resin  were  furnished  by  the  Naval  Ordnance  Laboratory. 

The  Roklde  “A”  alumina  coatings  (0.030  inch)  which  had  been  impregnated  with  Epon  328 
epoxy  resin  and  picked  up  on  an  828  epoxy  laminate  yielded  the  best  protection  of  any  ceramic 
coating  in  the  rain  field.  At  Mach  1.5  no  damage  was  observed;  at  Mach  2.0  the  coating  was 
partially  removed  at  60°  with  no  other  damage,  and  at  Mach  2.5  the  45°  awi  60°  positions  were 
damaged  but  the  othors  were  untouched. 

The  combination  of  no  porosity  of  the  coating  (via  impregnation)  and  the  good  bonding  of  the 
pick-up  technique  resulted  in  a  ceramic  coated  laminate  with  goad  resistance. 
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Figure  61.  Rain  Erosion  Damage  Data  for  Rokide  "A"  Alumina/828  Epoxy  Laminate 
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E-1G  Plasma  Sprayed  Alumina  (HgPO^-Treated) /Epoxy  Laminate 

The  plasma  sprayed  alumina  coatings  Lave  been  investigated  thoroughly  in  a  recent  Air 
Force  program  (Reference  8).  An  interesting  development  o>  this  research  was  that  treat¬ 
ment  of  the  as-sprayed  alumina  coatings  with  phosphoric  acid  reduced  the  porosity,  improved 
the  haiuucaa  uuu  greatly  enhanced  the  subsonic  ram  erosion  resistance  of  this  coating.  The 
phosphoric  acid  reacts  chemically  with  the  alumina  particles  to  give  an  aluminum  phosphate 
which  seals  the  pores. 

A  set  of  these  H^PO^-treated  specimens  were  prepared  t»y  secondarily  bonding  a  treated 

alumina  coating  (sprayed  on  a  metal  mold)  to  an  epoxy  laminate  using  an  epoxy  adhesive. 
These  specimens  were  prepared  by  Brunswick  Corporation  under  Contract  A F  33(615) -3342. 

The  erosion  resistance  of  this  phosphoric  acid-treated,  plasma -sprayed  alumina  (0.030  inch) 
was  as  good  as  the  epoxy-impregnated  Rokide  “A”  alumina;  that  is.  the  best  of  any  ceramic 
coating.  At  Mach  1.5  the  specimens  were  undamaged  and  at  Mach  2.0,  the  60°  specimens  were 
the  only  ones  damaged.  The  coating  was  partially  removed  but  the  adhesion  to  the  epoxy 
laminate  w&:'  excellent.  ' 

Once  again  these  results  point  out  the  need  for  reducing  the  porosity  of  sprayed  coatings 
and  the  requirement  of  optimizing  the  adhesive  bond  between  ceramic  and  laminate. 
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Figure  62.  Rain  Erosion  Damage  Data  for  Plasma  Sprayed  Alumina 
(0.030  Inch)/Epon  828  Laminate 
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6.  CLASS  F  -  ELASTOMERIC -COATED  LAMINATES 

F-l  and  F-2  0.010  and  0.020  Inch  Sprayed  Neoprene/E pon  828  Laminate 

Although  elastomeric  coatings  are  usua  lly  used  for  subsonic  rain  ernnion  because 

of  rneir  good  protective  abilities  in  that  environment,  they  are  not  widely  considered  for 
supersonic  purposes  because  of  temperature  limitatloiiS  and  poor  resistance  to  supersonic 
rain  impact.  In  a  subsonic  environment  the  resiliency  and  recovery  ability  uf  flits  elastomers 
enables  them  to  withstand  repeated  raindrop  impact.  At  higher  velocities  the  increased 
severity  and  rap!dity  of  impact  causes  them  to  fail. 

It  '  /as  felt  that  several  representative  elastomeric  coatings  should  be  examined  at  Mach  1.5 
to  2.5.  Two  such  coatings  were  two  thicknesses  of  a  sprayed  neoprene  (Gates  Engineering 
Company)  applied  over  anEpon  823  epoxy  laminate  made  by  the  Naval  Air  Development  Centex*. 
The  0.010  inch  thickness  lies  within  thp  rain  erosion  specification  coating  thickness 
(MU-C-7439B)  and  the  0.020  inch  thickness  represents  an  upper  limit  for  sprayed  neoprene 
(because  of  electrical  characteristics  and  application  difficulties).  The  Epon  828  laminate 
was  prepared  in  the  same  manner  as  the  uncoated  Laminate  (Specimen  C-3). 

Exposure  of  the  sprayed  neoprene  resulted  in  no  detectable  erosion  at  Mach  1.5  with  in¬ 
creasing  damage  at  Mach  2.0  and  2.5.  The  0.010  inch  thickness  was  sufficient  to  provide  pro¬ 
tection  and  the  addition  of  an  extra  10  mils  did  not  improve  the  resistance.  At  Mach  2.5  tnere 
was  less  substrate  damage  at  the  45°  position  with  the  0.020  inch  coating  but  the  Co°  position 
eroded  comparably  at  all  speeds. 


u 


Figure  63.  MDPR  vs  Sine  Impact  Angle  -  C.010  Inch  Gaco/ Epon  828  Epoxy  Laminate 
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F-3,  F-4,  F-5  0.010,  0.020,  and  0.030  Inch  Neoprene/Dacron  Cloth/Epon  828  laminate 

To  determine  the  effects  of  elastomeric  coating  thickness  and  to  compare  prefabricated 
bonded  neoprene  to  the  conventional  sprayed  neoprene,  three  thicknesses,  0.010,  0.020,  and 
0,030  inch  of  a  neoprene  over  Dacron  cloth  boot  material  from  B.  F.  Goodrich  were  applied 
to  Epon  828  epoxy  laminates  by  NAVAIRDEVCEN.  These  neoprene  boots  have  a  specific 
gravity  of  1.30,  Shore  “A”  hardness  of 56,  percent  elongation  of  570  at  break,  tensile  strength 
of  3090  psi,  and  a  dielectric  constant  and  loss  tangent  of  3.1  and  0.029  respectively. 

The  laminates  were  once  again  prepared  by  the  press  teohnlque  and  after  cure  the  materials 
were  adhesively  bonded  with  a  two-part,  low  temperature  cure  epoxy  adhesive. 

Neoprene  boots  are  widely  used  in  many  commercial  aircraft  but  are  not  accepted  for  many 
military  applications.  Field  maintenance  and  application  are  considerably  easier  than  the 
sprayed  neoprene  which  is  difficult  to  work  with  in  the  field. 

The  prefabricated  boots  of  neoprene  over  Dacron  cloth  protected  the  epoxy  laminate  sub¬ 
strates  almost  as  well  as  the  sprayed  neoprene  coatings.  There  was  no  thickness  effect  with 
these  coatings  and  the  0.010  Inch  boot  resisted  erosion  as  well  as  the  0.020  or  0.030  inch 
thickness.  The  adhesive  bond  was  satisfactory  and  failure  appeared  to  be  by  tearing  and 
wearing  away  of  the  coating.  No  erosion  was  evident  at  Mach  1.5  and  it  became  progres¬ 
sively  worse  at  higher  velocities. 


Figure  66.  MDPR  vs  Sine  Impact  Angle  -  0.010  Inch  Neoprene/ Dacron/ Epon  828  Epoxy 
Laminate 
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F-6,  F-7,  F-8  0.014,  0,026.  and  0.038  Inch  Polyurethane/Epon  828  Laminate 

Three  thicknesses  of  an  unfilled  polyurethane  elastomer  were  supplied  by  B,  F.  Goodrich 
and  applied  to  Epon  828  epoxy  laminates  by  NAVAIRDEVCEN  using  an  epoxy  adhesive.  The 

rwVlyii*»*tliartA*  bm  annthAP  nlasa  rvf  *la itnmeeio  matoHilg  whS/th  AvKIHf  •wiftllawf  MaiaWw 

to  subsonic  rain  erosion.  These  coatings  possessed  a  spr  gravity .«?  1.21,  Chore  “A” 
hardness  of  78,  640%  elongation  at  break  and  tensile  strength  of  3460  pal.  The  electrical 
properties  wore  not  tuu  lav  u  ruble  with  a  dielectric  constant  of  5.5  anu  a  loss  iangent  of  0.05. 

The  polyurethane  elastomers  erode  by  a  sudden  structural  failure  in  an  isolated  area  rather 
than  a  gradual  eroding  away  of  the  surface.  Adhesion  of  polyurethane  elastomeric  sheets  has 
always  been  a  continuing  problem. 

The  polyurethanes  have  excellent  sand  erosion  resistance  and  are  being  widely  considered 
for  rain  erosion  protection  as  well.  In-house  research  at  the  Air  Force  Materials  Laboratory 
has  Indicated  an  order  of  magnitude  in  erosion  resistance  improvement  with  urethaneB  over 
neoprene. 

The  particular  polyurethanes  evaluated  In  thicknesses  of  0.014,  0.026,  and  0.038  inch  were 
comparable  to  corresponding  thicknesses  of  neoprene  boots  in  erosion  resistance  but  less 
resistant  than  the  sprayed  neoprene.  Once  again  no  thickness  effect  was  evident  and  the 
0.014  Inch  polyurethane  was  as  resistant  as  the  others.  There  was  no  damage  at  Maoh  1.5 
once  again;  the  erosion  at  Mach  2.0  and  2.5  took  the  form  of  cold  flow  in  the  surface  where 
it  was  not  completely  broken  through.  This  deformation  of  the  surface  into  many  small  pro¬ 
trusions  Is  characteristic  of  some  unfilled  urethanes. 


Figure  70,  MDPR  vs  Sine  Impact  Angle  -  0.014  Inch  Polyurethane/ Epon  828  Epoxy 
Laminate 
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Figure  73.  Rain  Erosion  Danube  Data  for  0.038  Inch  Polyurethane/  Epon  828  Epoxy 
Laminate 
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r-9.  F-10,  F-ll  O.OiO,  0.020,  and  0.030  Inch  Hycar  Rubber/Epon  828  Laminate 

As  renresentative  of  an  elastomer  with  high  hardness,  tear  strength  and  modulus  at  100|J> 
elongation.  three  thtctaee.ee  ol  a  H>car  rubber  were  otaee^htae 

■gsiri'-ssTL-s; 

dielectric  oonstant  of  5.0  and  loss  tangent  of  0.05.  . 

These  coatings  were  bonded  to  the  Epon  828  epoxy  laminates  by  use  of  the  two-part  epoxy 
adhesive  previmisly  menttoned.  The  Hycar  sheets  which  had  no  cloth  backing iSSev?en^ 
B,  F.  Goodrich  and  the  epoxy  laminate  substrates  were  furnished  by  N AVAIRDE VC  EN. 

The  high  hardness  and  100%  modulus  of  the  H  year  rubber  are  not  deair^)leln  “ 

.„Rinn  resistant  coating  These  coatings  suffered  no  weight  loss  at  Mach  1.5  Lut  the  surxace 

compreaeto  at  toh1»er»elooltlee  rtauty  I.  to.  .  ^ve 
bond  and  failure  through  tearing  of  the  loosened  coatmg.  Once  again  no  thickness  effect  was 
noted  but  the  damage  progressed  with  velocity. 

SDecimens  of  F-9  (O.OIO” Hycar)  were  not  evaluated  because  damage  to  the  0.020  and  0.030 
inchthicknesses  was  so  severe  that  their  omission  from  exposure  was  warranted. 
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Erosion  Damage  Data  for  0.020  Inch  Hycar/B28  Epoxy  Laminate 
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7.  CLASS  G  -  GLASSES 

G-i,  G-z,  u-ii,  u-4  Glass 

Four  giass  materials  were  submitted  for  evaluation.  These  included  two  Corning  Chemcor 
glasses  (0313  and  0315),  9753  IR  Glass,  and  the  Owens  Illinois  C10G  CER-VIT.  These  ma- 
terials  are  of  particular  interest,  for  aircraft  windshields,  infrared  domes,  and  radome 
applications. 

The  Chemcor  materials  (G-l,  G-4)  are  surface  strengthened  glasses  in  which  the  outside 
surfaces  have  been  put  into  compression.  These  materials  have  extremely  high  flexural 
strengths,  zero  porosity  and  arc  good  optical  glasses  when  polished.  Unless  the  compression 
layer  Is  scratched  cr  abraded  these  glasses  defy  breakage  by  ordinary  abuse. 

The  9753  lit  Glass  is  a  relatively  new  material  for  use  with  infrared  systems  between  one 
and  four  microns  wavelength.  The  samples  submitted  were  ground  and  are  therefore  translu¬ 
cent;  only  polished  specimens  are  transparent. 

The  fourth  glass  evaluated  was  the  G-3  material,  Owens  Illinois  C106  CER-VIT,  submitted 
by  the  Boeing  Co.  It  Is  opaque  and  milky  white  in  color  with  extremely  smooth  surfaces  when 
polished.  The  elastic  modulus,  shear  modulus,  and  flexural  strength  are  good  for  this  class 
of  materials. 

The  catastrophic  type  of  fracture  experienced  by  all  the  glass  materials  tested  does  not 
lend  itself  to  R1DPR  curves  and  equation  fitting.  Generally  these  materials  have  less  rain 


erosion  resistance  than  the  ceramics.  As  is  typical  for  all  glass  materials  the  greater  the 
strength,  the  more  complete  the  breakage  upon  fracture. 

The  Chemcor  glass,  while  stronger  than  most  grades  of  steel,  is  destroyed  by  internal 
stress  relieving  after  the  rain  erosion  degradation  of  the  outside  compression  layer.  The  G-3 
glass  showed  somewhat  less  sericus  damage  than  the  other  materials  tested  at  Mach  2.0  and 
low  impact  angles. 


n 


Erosion  Damage  Data  for  0313  Chemcor 
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ULiASS  H  -  SANDWICH  PLASTICS 


H-l.  H-2,  H-3  Honeycomb  Sandwiches 


In  the  interest  of  trying  to  develop  some  quantitative  data  for  lightweight  plastic  and  metul 
sandwich  structures,  the  materials  H-l,  H-2,  and  H-3  were  included  for  evaluation. 

Material  H-l  consists  of  a  preformed  0.030  inch  autoolaved  skin  having  3  plys  of  No,  181 
cloth.  The  overexpanded  core  was  then  bonded  to  the  skin.  The  resin  system  is  Furane  8266 
epoxy.  A  0.010  inch  sprayed  G&oo  ooatlng  was  then  applied. 

Material  H-2  uses  a  0.020  inch  preformed  polyimide  skin  bonded  to  a  3/16  inch  cell 
polylmide  core  material.  No  ooatlng  or  sealer  has  been  used  on  the  face  of. the  samples. 


The  H-3  material  is  a  structural 
3/16  inch  polyimide  core  honeycomb. 


sandwich  made  from  0.010  inch  6-4  titanium  skins  and 


The  8265  Furane  epoxy  sandwich  showed  better  rain  erosion  performance  than  the  polyimide 
sandwioh.  This  would  be  expeoted  inasmuch  as  the  skin  thickness  was  greater  for  the  Furane 
epoxy;  but  modulus  and  strength  are  also  highjr  for  the  epoxy  systems.  Although  the  data  for 
these  two  plastio  composites  is  not  plotted,  the  card  photographs  qualitatively  show  the  effeots 
of  both  velocity  and  angle. 

The  0.010  inch  6-4  titanium  skin/polyimlde  honeycomb  combination,  while  not  eroded,  was 
highly  susceptible  to  drop  impact  damage  at  the  higher  velocities  and  angles.  It  is  likely  that 
this  combination  could  be  greatly  Improved  by  usingO.016  to  0.020  inch  outside  skin  thichness 
and  a  1/8  Inch  cell  honeycomb  with  stronger  cell  walls. 
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Figure  82.  Rain  Erosion  Damage  Data  for  C.OlOlnch  Titanium/ Polyimide  Honeycomb 
0.  OLO  Inch  Titanium 
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H-4  and  H-6  Teflon  or  Cork/Nomex  Epoxy  Laminate 

Ablative  coatings  which  char  at  uniform  rates  to  give  a  protective  layer  are  widely  used 
for  thermal  protection  of  high  temperature  missile  and  reentry  systems.  Two  materials  with 

nMMAfl  nKlnHiro  oko  nn  ntovil  alii  no  u  na  Teflnn  anH  hatIt  Thin  flAatintra  of  thAflA  tyihIaI'1  A.lfl  OVAT  Hn 

epoxy  laminate  such  as  the  Nomex  were  selected  for  exposure  to  rain. 

Teflon  sheet  was  supplied  by  A  FM  L  and  adhesively  bonded  witli  an  epoxy  to  a  Nomex  epoxy 
laminate  from  Boeing/Aerospace  Division.  A  coating  of  Armstrong  Cork  AC -2755  sometimes 
used  as  an  ablative  material  over  the  Nomex  epoxy  laminate  was  also  furnished  by  Boeing. 

Teflon  and  cork  have  exhibited  poor  erosion  resistance  subsonically  and  this  was  borne  out 
by  the  supersonic  exposures.  The  cork  coating  was  more  severely  damaged  at  each  velocity 
than  the  Teflon  and  this  was  expected  because  of  its  high  porosity  and  lack  of  strength.  It  can 
be  stated  unequivocally  that  cork  has  very  poor  rain  erosion  resistance  for  exposure  angles 
above  15”  at  velocities  of  Mach  2.0  or  greater. 

The  erosion  resistance  of  cork  and  Teflon  is  very  low  by  comparison  with  other  coatings 
like  neoprene  and  polyurethane.  The  adhesive  bond  of  both  materials  to  the  Nomex  epoxy  was 
satisfactory. 
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Figure  84.  Rain  Erosion  Damage  Data  for  AC-2755  Cork/  Epoxy  Laminate 
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H-6  0.010  Inch  Electroplated  Nickel/Epon  828  Epoxy  Laminate 

Not  all  laminate  structures  need  be  electrically  transparent  for  radar  purposes.  For 
structural  applications  where  metal  coatings  are  permissible,  such  as  lightweight,  high  speed 
compressor  blades,  the  use  of  nickel  plated  coatings  is  feasible.  In  a  recent  research  effort 
(Reference  9),  the  Air  Force  Materials  Laboratory  developed  nickel  coatings  which  can  be 
plated  directly  on  the  laminate  itself.  This  plating  is  accomplished  by  sensitizing  the  laminate 
surface,  making  it  conductive  with  electroless  copper  and  then  electrolytically  depositing 
nickel  on  the  copper.  The  erosion  resistance  of  these  coatings  is  highly  dependent  on  thickness 
and  0.010  inch  was  selected  as  a  representative  thickness. 

Subsonic  evaluations  of  these  nickel  coatings  have  indicated  10  times  the  resistance  over  the 
elastomeric  and  ceramic  coating.*,.  The  ductility  of  the  nickel  (elongation  up  to  20%)  is  felt  to 
be  responsible  for  this  resistance. 

The  electroplated  nickel  coatings  were  the  most  erosion  resistant  thin  (40  mils  or  less) 
coatings  at  supersonic  velocities.  At  Mach  1.5  and  2.0  the  coatings  appeared  unexposed  after 
their  firings.  At  Mach  2.5  specimens  at  all  positions  except  60°  appeared  the  same  way.  At 
60°  the  surface  of  the  nickel  had  been  deformed  and  ridges  appeared  where  it  had  been  pushed 
up  by  the  radially  flowing  water.  This  phenomenon  was  also  observed  cn  the  polyphenylene 
oxide  plastic  which  likewise  was  deformed  on  the  surface.  The  60°  nickel  plated  samples  had 
lost  adhesion  but  were  not  penetrated  by  the  water  drops. 
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9.  CLASS  I  -  THERMAL  PLASTICS 

1-1  Polyphenylene  Oxide  (PPO) 

An  interesting  new  thermoplastic  material  which  has  been  recently  developed  is  the  poly¬ 
phenylene  oxide  of  General  Electric.  This  material  has  good  mechanical  properties  with 
tensile  modulus  of  370,000  psi  and  low  creep  properties.  The  electrical  properties  are  also 
quite  good  with  low  dielectric  constant  and  loss  tangent. 

The  material  selected  for  evaluation  was  grade  531-801  which  was  light  beige  in  color. 
This  material  had  a  shear  strength  of  10,900  psi  which  is  reasonably  high  for  a  plastic.  The 
specimens  were  furnished  by  General  Electric. 

The  polyphenylene  oxide  plastic  resisted  the  erosion  completely  below  Mach  2.5  with  only 
superficial  deformation  of  the  surface  and  no  weight  loss  at  Mach  2.5.  This  resistance  was 
most  surprising  and  one  of  the  significant  developments  of  these  evaluations.  The  slight 
distortion  of  the  surface  was  much  like  that  of  the  plated  nickel.  It  is  believed  the  high  shear 
strength  of  the  PPO  is  largely  responsible.  In  general,  results  were  promising  enough  to 
warrant  evaluations  up  to  Mach  5.0  and  the  use  of  this  resin  for  laminating  purposes  and 
possibly  as  a  thin  protective  coating. 
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The  material  lias  zero  porosity,  a  density  of  1.  is  and  moderate  physical  poverties.  Its 
widespread  application  for  a  variety  of  pur|x>ses  mi'krs  it  of  interest  for  rain  erosion,  jwr- 
lic'.Urlv  with  its  use  in  low  speed  aircraft  canopies. 

Tlie  erosion  of  Plexiglas  Is  in  the  form  of  chipping  into  granules  Tills  increases  with 
angle  of  impact  and  velocity.  At  Mach  1.5  the  60' specimens  are  surface  damaged  with  no 
weight  loss.  The  damage  at  Mach  2.0  Is  noticeable  at  60°,  very  minor  at  45",  and  slight 
otherwise.  At  Mach  2.5,  the  erosion  was  progressively  greater. 


Figure  87.  MDPR  vs  Sine  Impact  Angle  -  Plexiglas 
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N  EROSION  MATERIAL  EVALUATION 

force-navy  program  at  holloman  a n  4u»  tt 


plastic  evaluated. 


Figure  89.  MDPR  ve 


IMPACT  ANGLE 


Impact  Angle  -  Teflon 
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Figure  90.  Rain  Erosion  Damage  Da:a  for  Teflon 


111.  CLASS  ,! 


MKT  ALL 


.1-1.  .i-a,  .1-3  Aluminum  and  Copper 

Two  aluminum  alloys  and  annealed  copper  were  selected  for  the  program.  The  aluminum 
“•loya  are  2u?.4-T3.  wulclv  used  In  aerospace  vehicle  const ruction,  and  finfil-Tfi.  a  weldabh- 
alloy.  The  annealed  Copper  was  selected  to  include  one  softer  moip  iluctiie  inciai.  i'iu  si- 
metals  are  of  special  interest  to  researchers  in  the  field  of  cavitation  damage  for  some 
posalhiv  correlation  with  rain,  erosion 

i  >f  the  two  aluminum  alloys  the  2024-T3  aluminum  is  harder  and  has  greater  yield  and 
tensile  strengths.  It  at30  has  somewhat  greater  ductility.  The  annealed  .-upper  has  low  r 
tensile  strength  hut  much  greater  ductility. 

All  three  metals  \v>  re  run  at  all  Maeh  numbers  up  through  Mach  3.0.  Post-run  sample 
processing  showed  no  weight  losses  with  tlio  exception  of  very  small  looses  for  the  6061-  T6 
at  Maeh  3.0.  At  the  higher  Mach  numbers  and  impact  angles  these  materials  did  experience 
a  change  of  surface  condition  which  is  best  termed  as  roughening. 

The  surface  of  the  copper  was  measurably  compressed  and  dented.  The  high  ductility 
allowed  the  surface  layer  to  work  harden.  Greater  exposure  times  or  higher  velocities  ob¬ 
viously  would  result  in  loss  of  material. 

The  test  results  for  the  metals  cannot  be  graphed  .is  was  possible  for  meet  other  materials. 
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Ham  Erosion  Damage  Data  tor 


Figure  92.  Rain  Erosion  Damage  Data  for  '5061-Tj 


Erosion  Damage  Data  for  Annealed  Copper 


SECTION  IX 
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DISCUSSION  OF  RESULT 


It  must  be  emphasized  that  the  exposures  in  these  evah‘H.inns  were  for  short  periods  only 
but  even  these  brief  encounters  with  the  rain  were  m li 1 1 1 '  !  iii  mi  iii'uunw  Luii‘1  .dr rahlc  dif 
ferencca  in  the  supersonic  rain  erosion  resistance  of  various  m  tenuis.  The  average  velocities 
and  Hmus  in  rain  for  each  of  the  four  Mach  numbers  were  m:  iollows: 


Mach  Number 


Average  Velocity 
(ft/sec) 


Average 
Time  in  Rain 
Jsec) 


1.5 

1613.6 

2.0 

2126.4 

2.5 

2434.4 

3.0 

3047.8 

(8  runs) 

3.72 

(9  runs) 

2.82 

(8  runs) 

2.41 

(4  runs) 

1.97 

The  alumina  and  beryllia  isotropic  ceramics  were  exyi  to  be  highly  resistant  to  rain 
impingement  supersonically  based  on  previous  studies  and  they  were  found  to  be  usable  at 
all  angles  of  Impingement  up  to  Mach  3.0.  The  eordierite  was  useful  for  angles  below  60°  up 
to  Mach  3.0  and  the  fused  silicas  were  limited  to  30“  and  below  at  ail  velocities. 

The  sandwich  ceramic  construction  is  not  suitable  for  supersonic  applications  where  rain 
will  be  encountered.  The  foam  core  which  gives  lightweight  and  good  electrical  characteristics 
also  contributes  to  failure  in  rain  by  virture  of  its  low  str-  ngth. 

The  erosion  of  the  plastic  laminates  was  Increasingly  severe  with  greater  impingement 
angle  and  higher  velocities.  The  discon  inuity  in  the  pilots  of  erosion  rate  (mean  depth  of 
penetration  rate)  as  a  function  of  the  sine  of  the  impact  angle  may  be  explained  as  follows. 
The  low  rates  initially  result  from  a  gradual  eroding  away  of  the  surface  resin  until  a  point 
is  reached  i  nere  the  laminate  plies  are  penetrated  and  a  greater  rate  of  erosion  occurs. 
This  penetration  of  the  upper  resin  layer  occurs  mom  rapidly  at  smaller  angles  with  in¬ 
creasing  velocity  and  hence  the  increasing  rate  at  higher  speeds.  The  resins  such  as  PBI 
and  polyimide  which  result  In  “dry”  laminates  also  erodn  more  rapidly  than  do  epoxy  lami¬ 
nates  because  of  a  lack  of  outer  resin  layer  and  hence  quicker  penetration  of  the  plies.  This 
lack  of  surface  layer  Is  also  true  for  the  Inorganic  laminates. 

All  laminates  should  be  covered  with  a  protective  coiling  for  supersonic  applications.  In 
general,  they  are  useful  uncoated  at  15°  Impingement  angles  or  less  but  exhibit  increasing 
damage  at  30“  and  above  at  Mach  2.0  or  greater.  The  epoxy  laminates  are  not  damaged 
severely  In  any  position  after  one  exposure  at  Mach  1.5.  However,  they  would  be  eroded  with 
further  exposure  at  this  velocity. 

Ceramic  coatings  demonstrated  limited  protectiveness  for  laminate  substrates  In  a  supf  i“- 
sonic  rain  environment.  Casting,  flame  spraying,  ana  plasma  spraying  are  effective  ways  *f 
preparing  these  coatings.  However,  unless  the  surface  of  the  sprayed  coating  is  treated 
chemically  or  impregnated  with  a  sealer  of  some  kind,  the  ceramic  coated  laminates  are 
eroded  at  angles  of  45°  and  above,  even  at  Mach  1.5,  The  reduction  of  coating  porosity  and  the 
quality  of  ceramic- laminate  adhesion  are  the  most  important  factors  in  erosion  resistance. 
With  proper  preparation  ceramic  coatings  are  erosion  resistant  at  angles  ot  60°  or  less  up 
to  Mach  2.0. 
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If  the  exposure  time  is  short  enough  at  Mach  1.5,  the  elastomeric  coatings  such  as  neo¬ 
prene  and  urethane  are  resistant  to  rain  erosion.  However,  at  Mach  2.0  or  faster  even  2  sec¬ 
onds  was  sufficient  to  erode  completely  through  the  60°  specimens.  The  positions  which  wefe 
damaged  at  Mach  2.5  were  all  angles  of  451' or  more.  The  damaging  effect  of  drop  impinge¬ 
ment  at  the  higher  incidence  angles  is  not  mitigated  at  all  by  thicker  elastomeric  coatings; 
the  damage  is  comparable  for  thicknesses  of  a  particular  material  up  to  30  mils.  The  shear 
and  impact  stresses  are  of  such  a  magnitude  at  Mach  2.0  and  above  that  they  are  transmitted 
through  any  of  these  coatings  to  the  laminate,  breaking  the  bond  and  initiating  erosion. 


uui  laV/'«  i ■»*■*«.  iif,ui>wuui^  v/i  ^  - 
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:cs  improves  their  properties  for  conventional  applies 


but  it  does  not  enhance  their  Supersonic  rain  erosion  resistance.  The  catastrophic  failure 
once  rain  penetrates  the  surface  layer  is  so  extreme  that  these  glasses  would  have  utility 
onlv  in  designs  of  less  than  13. 5“  Incidence  angle. 

mM 

Honeycomb  structures  even  with  very  strong  skina  possess  poor  erosion  resistance  for  the 
same  reasons  as  <he  sandwich  ceramics.  The  physical  properties  of  ablative  coatings  are  so 
low  that  they  have  poor  subsonic  erosion  resistance  as  well  as  poor  supersonic  resistance. 


ft  ® 


The  use  of  electroplated  nickel  coatings  applied  directly  to  plastic  laminates  is  a  definite 
improvement  for  protection  of  surfaces  where  radar  compatibility  is  not  a  concern.  These 
coatings  were  unaffected  at  all  impingement  angles  at  Mach  1.5  and  2.0,  and  only  the  60° 
specimens  began  to  lose  adhesion  at  Mach  2.5. 

•-•ft  * 

The  erosion  resistance  of  polyphenylene  oxide  at  Mach  2.5  and  below  was  somewhat  un¬ 
expected  because  Its  overall  physical  strengths  are  not  greatly  different  from  Plexiglas. 
However,  its  shear  strength  of  10.900  psi  is  higher  than  the  othei  thermal  plastics  and  tfrmi 
Imparts  “ductility”  to  the  bulk  plastic.  jj,  4 

-  i  I 

The  ductility  of  annealed  copper  and  the  aluminum  alloys  enables  their  surfaces  to  be 
considerably  deformed  without  measurable  weight  losses.  These  metals  would  eventually  be 
pitted  with  material  loss  after  longer  rain  exposure  times  at  supersonic  velocities. 
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SECTION  X 
CONCLUSIONS 


1.  CLASS  A  -  ISOTROPIC  CERAMICS 


The  nighty  dense  aluiiiitui  and  uciyilla  were  the  mast  eras  ion  resist®**  maturinln  evaluated. 
Other  ceramics  ranked  in  decreasing  order  after  them:  Pyroceram  9606.  cordierite  and 
fused  silica.  Erosion  rate  equations  were  developed  for  the  fused  silica  materials.  The  den¬ 
sity  and  compressive  strength  of  the  alumina  and  beryllia  are  believed  to  contribute  to  their 
erosion  resistance. 

2.  CLASS  D  -  SANDWICH  CERAMICS 

The  sandwich  ceramics  are  inherently  low  in  supersonic  rain  erosion  resistance  because 
the  low  compression  strength  of  the  foam  core  permits  the  dense  skin  to  fail  by  Impact 
fracture. 

3.  CLASS  C  -  PLASTIC  LAMINATES 

Epoxy  laminates  were  found  to  be  the  most  erosion  resistant  laminate  construction.  Other 
organic  and  semiorganic  laminates  were  decrea3ingly  resistant  as  follows:  polyimide, 
polybenzimidazoie  (PBI),  and  silicone.  Erosion  rates  (mean  depth  of  penetration  per  second) 
were  discovered  to  be  d  -ectly  proportional  to  the  normal  component  of  the  impact  velocity 
(sine  of  the  impact  angle)  and  exponentially  proportional  to  the  velocity  Itself.  Constants  were 
determined  for  equations  describing  the  erosion  of  these  plastic  laminates  in  a  supersonic 
rain  environment. 

4.  CLASS  D  -  INORGANIC  LAMINATES 

Inorganic  laminates  were  found  to  be  less  resistant  than  any  of  the  organic  or  semiorganic 
laminates.  This  may  be  attributed  to  their  lower  strength. 

5.  CLASS  E  -  CERAMIC -COATED  LAMINATES 

The  porosity  of  ceramic  coatings  and  the  strength  of  the  laminate  substrate  are  the  most 
important  factors  in  the  erosion  resistance  of  the  overall  composite.  Sealing  of  the  pores  can 
be  effectively  accomplished  by  physical  impregnation  with  a  resin  or  by  chemical  treatment 
of  the  surface.  The  coating-laminate  Interfacial  adhesion  is  another  important  factor.  Pre- 
casting,  plasma  spraying,  and  flame  spraying  have  been  shown  to  be  effective  techniques  for 
producing  erosion  resistant  ceramic  coatings, 

6.  CLASS  F  -  ELASTOMERIC -COATED  LAMINATES 

Elastomeric  coatings  have  exhibited  good  erosion  resistance  at  Mach  1.5  for  very  short 
exposure  times.  The  effect  of  coating  thickness  on  erosion  protection  is  negligible  at  Mach  2.0 
and  above  with  0.010  inch  elastomeric  coatings  offering  as  much  protection  as  0.030  inch 
coatings.  The  quality  of  the  bond  Is  very  important  in  the  protection  provided  by  these  coatings. 

7.  CLASS  G  -  GLASSES 

The  glasses  are  characterized  by  less  erosion  resistance  than  the  ceramics  and  cata¬ 
strophic  failure  upon  exposure  to  rain  supersonically.  This  failure  is  intensified  by  internal 
sticcc  relieving  after  the  surface  compression  layer  is  degraded.  The  greater  the  strength 
of  these  glasses,  the  more  catastrophic  is  their  failure. 
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8.  CLASS  H  -  SANDWICH  PLASTICS 

Honeycomb  sandwiches  are  poor  in  erosion  resistance  because  of  weaknesses  inherent  in 
the  thin-skin-over-cellular  structure.  Thicker  skins,  smaller  cells,  and  thicker  cell  walls 
improve  the  erosion  resistance  in  a  limited  manner. 

Ablative  coatings  such  as  cork  and  Teflon  are  poor  in  erosion  resistance  because  of  high 
porosity  and  low  strength. 

Electroplated  nickel  coatings  are  the  moat  erosion  resistant  thin  coatings  over  laminates 
evaluated.  The  ductility  of  the  nickel  is  responsible  for  its  supersonic  rain  erosion  protective 
ability. 

9.  CLASS  I  -  THERMAL  PLASTICS 

Polyphenylene  oxide  resists  supersonic  erosion  because  its  high  shear  strength!  enables 
considerable  surface  deformation  and  rearrangement  without  measurable  erosion.  Plexiglas 
and  Teflon  in  bulk  form  are  eroded  because  of  low  shear  strength. 

10.  CLASS  J  -  METALS 

Soft  ductile  metals  such  as  aluminum  alloys  and  copper  are  damaged  by  supersonic  rain 
impact  but,  for  short  exposure  times,  this  damage  takes  the  form  of  denting  and  Surface  de¬ 
formation  without  material  weight  loss. 
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SECTION  XI 
FUTURE  WORK 


1.  The  velocity  range  of  evaluations  will  be  extended  to  Mach  4  and  Mach  5  for  the  Iso¬ 
tropic  ceramics,  thermal  plastics,  metal  ooatlngs,  and  bulk  metalB, 

2.  A  series  of  repeated  runs  on  particular  materials  will  be  made  at  a  specific  velocity 
(Maoh  1.5)  to  accumulate  exposure  time  on  these  materials  for  comparing  damage  at  longer 
times  at  lower  velocity  with  short  times  at  high  velocity. 

3.  New  Improved  materials  such  i  3  pyrolytic  boron  nitride  in  the  isotropic  ceramics 
class  and  polycarbonate  In  the  thermal  plastics  class  will  be  evaluated.  Metals  such  as  tita¬ 
nium  and  A-1100  pure  aluminum  will  be  evaluated  along  with  Improved  urethane  elastomeric 
and  other  ceramic  coatings.  Increased  emphasis  will  also  be  placed  on  glasses  because  of 
problems  with  these  materials. 


TABLE  I 

PROPULSION  SYSTEMS 


Mach  Number 

Boost 

Sustain  1 

1st  Stage 

2d  Stage 

1st  Stage 

2d  Stage 

3d  Stage 

1.5 

1  Cents 

- 

2  M-58 

2  M-58 

2  M-58 

2.0 

1  Nike 

- 

3  M-58 

3  M-58 

- 

2.5 

1  Genie 

1  Genie 

4  M-58 

3  M-58 

- 

3.0 

1  Nike 

1  Nike 

6  M-58 

- 

- 

5R-B10A  22  Dec  0900  2109-3  4  k  at  355  All  Plexiglas  and 

reruns 


5R-H1A  8  Sep  0720  2549.0  3  k  at  60°  All  Plexiglas 
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TABLE  VI 
MATERIALS  LIST 


Class 

Mai  r  i  il 

Supplie  r 

Test  Mach 

No. 

Iscitronir  Ceramics 

A-  J 

960o  1'yrnreram 

COW 

1.5,  2.0, 

2.5, 

3.0 

A- 2 

9611  Py rureram 

CGW 

1.5,  2.0, 

2.5, 

3.0 

A-  3 

/33  Alumina 

A  1b  Imap, 

2.0, 

2.5, 

3.0 

A- A 

Wearox  Alumina 

Wesgo 

3.0 

A- 5 

Al-300  AlumLna 

Wesgo 

3.0 

A- 6 

754  Btryliia 

AlslmaK 

2.0, 

2.5, 

3.0 

A- 7 

701  Cordicrite 

Alsima^ 

2.0, 

2.5, 

3.0 

A-H 

794 l  Fused  Silica 

CGW 

1.5,  2.0, 

2.5, 

3.0 

A- 9 

Fused  SI  Ilea- 1 
(coated  with  silicon) 

GD/P 

2.0, 

?.5, 

3.0 

A-  10 

Fused  SI  1 lca-11 
(coated  Teflon) 

GD/P 

2.0, 

2.5, 

3.0 

A- 11 

Fused  Sll Ica-III 
(uncoated) 

GD/P 

2.0, 

2.5, 

3.0 

A- 12 

Fused  Silica 

Brunswick 

2.0 

Sandwich  Ceramics  | 

B-l 

0.040  Alumina 
Sandwich 

Narraco 

1.5 

B-2 

0.020"  Alumina 

Sandw 1 ch 

Brunswick 

1.5,  2.0, 

2-5, 

3.0 

B-3 

0.040  Alumina 
Sandwich 

Brunswick 

1.5 

Plastic  Laminates  j 

C-l 

Polybenz imida¬ 
zole  (Imidite) 

Narmco 

1.5,  2.0, 

2.5, 

3.0 

C-2 

8265  Kpoxy 

Furane 

1.5,  2.0, 

2-5, 

3.0 
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TABLE  VI  (CONTD) 


Cl  ci  ?■»  s 

Material 

Supplier  | 

Test  Mach 

No. 

Plastic  Laminates 

C-3 

828  Epoxy 

She!  1 

1.5,  2.0, 

2.5 

0-4 

No  samples  submitted 

C-5 

Poly iralde/BMEC 

1937  Sealer 

Boeing/ 

Alrp lane 

1.5,  2.0, 

2.5 

C-6 

Poly imide 
(Skygard  700) 

Brunsvi ck 

1.5,  2.0, 

2.5 

C-7 

Nomex  Epoxy 

Boeing/ 

Aerospace 

1.5,  2.0, 

2.5 

C-8 

DC2L06  Silicone 

NAVAIRDEVCEN 

1.5 

Inorganic  Laminae* 

iS 

D-l 

Alumina/ Filament 

Wound  S  glass 

Lockheed 

1.5,  2.0, 

2.5, 

3.0 

D-2 

Aluminum  Phos¬ 
phate/S  glass 

Brunswick 

1.5,  2.0, 

2.5 

Ceramic  Coated 

Plastic  Laminates 

E-l 

0.020"  Precast 

Alumina/ Aluminum 
Phosphate 

Brunswick 

1.5,  2.0, 

2.5, 

3.0 

E-2 

0.020 "  Plasma 

Sprayed  Alumina/ 
Aluminum  Phosphate 

Brunswick 

1.5,  2.0, 

2.5, 

3.0 

E-3 

0 .  u<W  Plasma 

Sprayed  Alumina/ 
Aluminum  Phosphate 

Brunswick 

1.5,  2.0, 

2.5, 

3.0 

E-4 

0.020"  Plasma 

Sprayed  Alumina/ 

Alumi na~Silica- 
S  glass 

Lockheed 

2.0, 

2.5, 

3.0 

E-5 

0.020"  Flame  Sprayed 
Alumina/PBI 

Narmco 

1.5,  2.0, 

2.5, 

3.0 
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TABLE  VI  (CONTD)  '  { 


.  C1“s 

Material 

Supp ; i er 

Tost:  Mach  No. 

Ceramic  Coated 
rlast.tr  l.anilnat'  .s 

E-6 

!).040"  Flame  Sprayed 
Alumlna/PBI 

Narmco 

1  5,  2.0,  2.5, 

3 .  U 

E-7 

No  samples  submitted 

E-8 

0.125"  Alumina/ 

0.030'  KTV521/ 
Polyimide 

Boeing/ 

Airplane 

1.3,  2.0,  2.5, 

3.0 

( 

1 

} 

E-9 

0.030"  Roklde  "A" 
Alumina /Po lyimide 

Goodyear 

1.5,  2.0,  2.5, 

3.0 

j 

E-10 

0.030"  Roklde  "A" 
Alumina  with 

Cr^O-j /Polyimide 

Goodyear 

1.5,  2.0,  2.5, 

3.0 

E-ll 

Plasma  Sprayed 
Alumina/Sillca/ 

■;uartz  glass 

Lockheed 

1.5 

1 

j 

i 

E-12 

Flame  Sprayed 
Alumlna/Po lyimide 

Brunswick 

2.0 

i 

E-13 

No  samples  submitted 

E-14 

0.030"  Kokide  Alumina/ 
828  Epoxy 

N0L 

1.5,  2.0,  2.5 

E-15 

0.040"  Precast 

Alumina/Aluminum 

Phosphate 

Brunswick 

2.5 

E-16 

0.030"  Plasma 

Sprayed  A'umina 
(H^PO^  treated)/ 

828  Epoxy 

Brunswick 

1.5,  2.0 

Elastomeric  Ci  ated 

Plastic  Laminates 

F-l 

0.010"  GACO/828 

Epoxy 

Gates  Engi¬ 
neering/ 
NAVAIROEVCEN 

_ 

1.5,  2.0,  2.5 
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TABI.E  VI  (CONTD) 


Class 

Material 

Supplier 

I’fent  Mach  No. 

r 

lastic  Laminates 


t-Z 

0 . 020**  GACO/62S  ] 

Epoxy 

Gai.es  Engi¬ 
neering/ 
NAVAIRDEVCEN 

i  r  n  r\  o  r 

1 > Jf  A.W,  A. J 

F-3 

0.010'  Neoprene  on 
Da>’run/B28  Epoxy 

B.  F.  Go.-dri.ch/ 
NAVAIRDEVCEN 

1.5,  2.0,  2.5 

F-4 

0.020"  Neoprene  on 
Dacron/828  F.poxy 

B.  F.  Goodrich/ 
NAVAIRDEVCEN 

1.5,  2.0,  2.5 

F-5 

0.030"  Neoprene  on 
Dacron/828  Epox/ 

B.  F.  Goodrich/ 
NAVAIRDEVCEN 

1.5,  2.0,  2.5 

F-6 

0.014"  Polyurethane 
on  Dacron/828 

Epoxy 

B.  F.  Goodrich/ 
NAVAIRDEVCEN 

1.5,  2.0,  2.5 

F-7 

0.026“  Polyurethane 
on  Dacron/828 

Epoxy 

B.  F.  Goodrich/ 
NAVAIRDEVCEN 

1.5,  2.0,  2.5 

1-8 

0.038"  Polyurethane 
on  Dacron/828 

Epoxy 

B.  F.  Goodrich/ 
NAVAIRDEVCEN 

1.5,  2.0,  2.3 

F- 10 

0.020"  Hycar  on 
Dacron/828  Epoxy 

B.  F.  Goodrich/ 
NAVAIRDEVCEN 

1.5,  2.0,  2.5 

F-  11 

0.030"  Hycar  on 
Dacron/828  Epoxy 

B.  F.  Goodrich/ 
NAVAIRDEVl  EN 

1.5,  2.0,  2.5 

Glasses 

G—  1 

0313  Chemcor 

CGW 

2.0,  2.5,  3.0 

G-2 

9753  1/R  Glass 

CGW 

2.0,  2.5,  3.0 

G-3 

0106  CER  -  VIT 

Owen-Ililnois 

1.5,  2.0,  2.5 

0-4 

0315  Chemcor 

CGW 

2.0,  2.5,  3.0 

G-5 

0312  Chemcor 

CGW 

1.5 
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"•ABr.F.  VI  (CONCLUDED) 


1  Class 

i _  _ 

Materi a ! 

_ 

Supplier 

_ _ _ j 

Test  Bach  No. 

|  Sandwich  Plastics  | 

H-l 

826r>  Furanc  Epoxy 

GD/FV 

l.r«,  2.0,  2.5 

Sandwich 

H-2 

PolylmLde  Sandwich 

Boeing/ 

1.5,  2.0,  2,5,  3.0 

Airplane 

H-3 

Titanium/Pol}  t- 

Boe ing/ 

1.5,  2.0,  2.5,  3.0 

mide  Sandwich 

Airplane 

H-A 

0.03V  Tef  lon/Ncxnex 

Boeing/ 

1.5,  2.0,  2.5 

Epoxy 

Aerospace 

H-5 

Cork/Epoxy 

Boe  < ng/ 

1.5,  2.0,  2.5 

Aer  jspace 

H-6 

Nickel  Plate/Epoxy 

AFML 

1.5,  2.0,  2.5 

Thermal  Plastics  j 

i-i 

PPO 

GE 

1.5,  2.0,  2.5 

1-2 

Plexiglas 

AFML 

1.5,  2.0,  2.5,  3.0 

1-3 

TFE  Teflon 

AFML 

1.5,  2.0,  2.5 

j  Metals 

j-i 

2024-T3  Aluminum 

NAVAIRDEVCEN 

1.5,  2.0,  2.5,  3.0 

J— 2 

6Q61-T6  Aluminum 

NAVA i RDEVCEN 

1.5,  2.0,  2.5,  3.0 

J-3 

Annealed  Copper 

NAVAIRDEVCEN 

1.5,  2.0,  2.5,  3.0 
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Material 

Porosity-% 
ASTM  373-56 

Density-gm/cc 

ASTM  373-56 

Hardness 

Knoop 

Modulus  of 
F.lastici  ty 
psl 

Sonic  Resonance 
Method 

A. 

1 

Isotropic  Ceramics 

A-l 

9606  Pyrocerair-CCW 

.00 

2.6 

500  gm  load 
639 

17.2  x  106 

A- 2 

9611  PyroceranrCGW 

.00 

2.93 

100  gm  load 
646 

17.0  x  106 

A- 3 

A- 4 

Alumina- Alsimag  No.  753 

Alumina- We arox-Wes go 

0 

3.85 

Rockwell  45N 
80 

A- 5 

Alumina-Wesgo  AI.-300 

0 

3.76 

MOH  scale 

9 

A- 6 

Beryllia-Alsimag  No.  754 

0 

2.88 

Rockwell  45N 
65 

A- 7 

Cordierite-Alsimag  No.  701 

.02-1.0 

2.3 

MOH  Scale 

8 

A- 8 

Fused  Silica-No.  7941  CGW 

2.5-12.0 

1. 9-2.1 

Rockwell  15N 
84 

8.4  x  106 

A- 9 

Fused  Silica-GD/P  I  (coated) 

12.0 

2.0 

500  gm  load 
190 

3.5  x  ID6 

A- 10 

Fused  Silica-GD/P  11  (coated) 

12.0 

2.0 

500  gm  load 
190 

3.5  x  106 

A- 11 

Fused  Silica-GD/P  III 

12.0 

2.0 

500  gm  load 
190 

3.5  x  IQ6 

A- 12 

Fused  Silica-Brunswick 

— -  ■■ 

TABLE  VII 


'IMS  PROPERTIES  SUMMARY 


-C*- 

Shear  Modulus 
psi 

Snnir  Resonance 
Method 

Shear 

Strength 

nsl 

Flexural  Strength- 
psl  Cy 1 .  Spec 

4Pc.  Loading 
100,000 
pal/mln 

Tensile 

Strength 

psi 

Supplier 

Method 

Compressive 

Strength 

[)Si 

Poisson ' s 
Ratio 
Sonic 
Resonance 
Method 

Dielectric 

Constant 

(8.6-10.0 

KMC) 

ATC  Rept. 
ARTC  A 

Loss 

Tangent 

(8.6-10.0 

KMC) 

ATC  Rept. 
ARTC  A 

J 

r 

6.9  x  106 

— 

3 

35.  x  1(T 

26.  x  103 

340  x  103 

.245 

5.5 

.0003 

1 

7.0  x  106 

14.  x  103 

10.  x  103 

125  x  103 

.22 

6.9 

.000 A 

50.  x  103 

28.  x  103 

375  x  103 

9.6 

.0019 

46.  x  103 

250  x  103 

9.9 

.0015 

35  x  103 

11.  x  I03 

185  x  103 

6.1 

.0001 

15  x  10J 

6.  x  103 

50  x  103 

5.5 

.005 

3.6  x  106 

6,300 

A. 7  x  103 

50  x  103 

.15 

3.3 

,001b 

A,  000 

.17 

3.2 

.0002 

A,  000 

.17 

3.2 

.0002 

A,  000 

.17 

3.2 

.0002 

. — 
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J 

TABLE  VII  (CoJ 


- - - - * - - — - - 

Material 

Porosity-!? 
ASTM  373-56 

Density-gm/cc 
ASTM  373-56 

Hardness 

Knoop 

Modulus  of 
Elasticity 
pel 

Sonic  Resonance 
Method 

- , 

Shear  Modi 
psi 

Sonic  Reaoa 
Method 

. . .  . . 

B .  Sandwich  CerainicB 

B-l  "A"  Sandwich  Alumina 

0.040"  Alumina  Skins /Alumina 

Foam  Core  Narmco 

. 1 

10  -  15 

20  -  25 

4.0? 

1.0 

970 

500  gm  load 

B-2  "A"  Sandwich  Alumina 

0.020"  PC  Alumina  Skins/Alumina 

Foam  Core  Brunnwick 

B-3  "A"  Sandwich  Alumina 

0.040"  PS  Alumina  Skins /Alumina 

Foam  Core  Brunswick 

G.  Glasses 

<7 

3.66 

Rockwell 
"A"  89 

43.3  x  106 

G~1  Chemcor-  CGW  No.  0313 

0 

2*45 

100  gm  load 
540(est) 

10.6  x  106 

4.4  x  1C 

G-2  I/R  ClasB  No.  9753,  CGW 

0.00 

2.798 

601 

5.6  x  1C 

G~3  C106  CER-VIT 

Owens  Illinois,  Boeing 

0 

2.51 

200  gm  load 
600 

13.3  x  106 

5.3  r  1< 

G-4  No.  0315  Chemcor-CGW 

G-5  No.  0312  Chemcor-CGW 

D.  Inorganic  Materials 

D- 1  FW  Alumina-Silica  S  G  ass 

Lockheed 

0.00 

2-458 

1.71 

100  gm  load 
590 

10.3  x  106 

4.3  x  1< 

D-2  Alumina  Phosphate- 
S  Glass  Laminate 

Brunswick 

15 

FTM  Std  406 

1.8 

_ 

Barcol 

60 

2.82  x  106 

152 


/l!  (CONTD) 


ar  Modulus 
pal 

,c  Resonance 
tlethod 

Shear 

Strength 

pal 

Flexural  Scrength- 
poi  Cyl.  Spec. 
4Pt.  Loading 

1C  3,000 
pal /min 

Tensile 

Strength 

pal 

Supplier 

Method 

Compressive 

Strength 

psi 

PoiSBOTl '  S 
Ratio 
Sonic 
Resonance 
Method 

Dielectric 

Constant 

(8.6-10.0 

KMC) 

ATC  Rept. 
ARTC  4 

Loss 

Tangent 

(8.6-10.0 

KMC) 

ATC  Rept. 
ARTC  4 

220 

500-lftQQ 

8.6 

2.43 

.UU12i 

Composite 

34.5  x  103 

20  x  103 

30  x  104 

8.8 

2.5 

.0007 

.0011 

.4  x  106 

40  x  103 

.22 

.6  x  106 

.28 

8.59 

.01 

.3  x  106 

1.8  x  104 

.25 

5.4  at  1MC 

.026  at  1MC 

.3  x  106 

85,000 

.21 

MTD  1042 

400 

16  x  103 

28  x  103 

6  x  1U3 

_ 

3.44 

.008 

E- 1  Precast  Alumina  (0.020") 

on  A1  PO,  -  Brunswick 
U 

L  2  l  laouia  op i  ay  Alumina* 
(0.020")  onAl  P0 
Brunswick 


E-3  Pla3ma-Spray  Alumina 
(0.040")  on  A1  PO^ 

Brunswick 

E-4  0.020"  PS  Alumina /Alumina- 
Silica  S  Glass  Lamlnate-FW 
Lockheed 

E-5  0.020"  PS  Alumina/PBl 
Laminate"  Na  inco 

E-6  0.040"  PS  Alumina/PBl 
Laminate-  Narmco 

h-7  Vapor  Deposited  Alumina/ 

PBI  Laminate  GXC 

E-8  0.125"  Aluralna/0 .030"  RT  V521/ 
0.100"  Polyimide  Laminate 
Boeing  Seattle 

E--9  0.030"  P,1  Roklde  "a" 

Pi.  Laminate-Goodyear 
Aerospace 

E-10  PS  Roklde  "A"  Alumina/ 

PI  Laminate- Al^O^  con¬ 
tains  -  Goodyear  Aerospace 


*Propertios  for  costing  -  See  D-2  for  laminate 


3.75  Rockwell  "A' 1  43.9  x  10 

8B  ! 

I 

FTM  Srd  406  Rockwell  ' C*  (  40  x  V 

3.5  70 


FTM  Std  406  Barcol 
3.5  60 


40  x  10 


32  x  10 
4.75  x  10 

32  x  10® 
4.75  x  10® 


3.48  1000 


500  gm  load 


25.7  x  10 


3 . 3  2000  gm  load  . 

FTM  Std  406  Barcol  48  2.73  x  10® 

11755 

4.6/1.755  2000  g»  load  3.12  x  Hi® 
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!ii  (CuN'lu) 


H';ir  Modulus 

p;  l  Shear 

SJc  Resonance  Strength 
Method  psl 


Flexural  Strength- 
nsl  Cyl.  Spec. 
4Pt.  Loading 
100,000 
pal /min 


23.3  x  10' 


Tenallp 
Strength 
pa  1 

Supplier 

Method 


Compressive 

Strength 

>sl 


Poisson  *  s 
Ratio 
Sonic 


Resonance  ATC  Rept. 


Method 


Dielectr I < 
Constant 
(8.6-10.0 
KMC) 


Loss 

Tangent 

(8.6-10.0 

KMC) 

ATC  Rept. 
ARTC  A 


10.2  x  10' 


35  x  10' 


25  x  10 


35  x  10J 


25  x  10J 


9.0  .003 


2.0  x  10 


2.0  x  10 


6  x  10J 


a  x  io- 


5  *  10^ 
11  x  10 

5  x  10I 

11  X  10 


2  x  10^ 
87  x  10J 

2  x  10^ 
87  x  Hr 


A  x  io; 
7  x  10* 

A  x  10^ 
7  x  10^ 


7.0 

A.2-A.8 

7.0 
A. 2-4. 8 


FTMS  406 
1059 


FTMS  406 
59,300 


65,800 


FTMS  406  37,0 

15,600  -37,6 


33,650 
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lAJLli  VI 


Material 


E-ll  Sprayed  Alumina/Silica 
quartz  glass  -  Lockheed 

E-12  Plasma  Sprayed  Alumina/ 

PI  Laminate  -  Brunswick. 

E-13  0.020"  PS  Alumina/FW  Silica 

Quartz  glass  Laminate  - 
Lockheed 

E-14  PS  Rokide  "A"  Alumina/ 

828  Epoxy  Laminate  NOL 

E-1j  0.0AQ"  Precaat  Alumina/ 

A1  PO,  Laminate  - 
Brunswick 

E-16  0.030"  Plasma  Sprayed 

Alumina  (F.FO^  treatment)/ 
Eoori  828  Laminate 


Poroaity-% 
ASTM  3  3-56 


Density-ga/cc 
ASTM  373-56 


Hardness 

Knoop 


Modulus  of 
Lias ti city 
pal 

Sonic  Resonance 
Method 


Sheai 

Sonic 

1 


13.3 


3.37 


3.75 


3.5 


1950 


15.8  x  10 


520 


1 
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TAJLE  VII  (COHTD) 


% 

I 


F.  EJa;  -cuaeric  Coated  Laminates 

F- ]  0,010”  Gaco/Epon  828 

Epoxy  Laminate  Navairdevcen 


Specific 

Gravity 


1.77 


Hardness 
Shore  "A" 
Durometer 
ASTM-D-676 


Tear 
lbs /in. 
Thickness 


F-2  0.020"  Gaco/828  Epoxy 

Lai-.inate-Navairdevcen 

F-3  0,010"  Neoprene/Dacron/828 

Epoxy  Laminate- Goodrich 

F-4  0.020"  Neoprene/Dacron/828 

Epoxy  Laminate-Gcodrich 

F-5  0.030"  Neoprene/Dacron/828 

Epoxy  Laminate-Goodrich 

F-t>  0.014"  Folyurethane/828 
Epoxy  Laminate-Goodrich 

F-7  0.026"  Polyurethane/828 

Epoxy  Laminate-Goodrich 


i.  77 


1.30 

1.30 

1.30 


1.22 


1.22 


56 

56 

56 

78 

78 


137 

137 

137 

335 

335 


F-8  0.038"  Polyurethane/828 

Epoxy  Laminate-Goodrich 

F-9  0.010"  Hycar/828  Epoxy 

Laminate 

F-10  0.020"  Hycar/828  Epoxy 
Laminate 

F-ll  0.030"  Hycar/828  Epoxy 
Laminate 


1.22 


1.368 


1.368 


1.368 


335 


775 


775 


775 


TABLE  VII  (CONTU) 


Z  Elongation 
at  break 
ASTM--D-412 

Modul U3 
at  100Z 
Klongation- 
psi-ASTM-D-412 

Modulus 
at  3002 
Elongation- 
psi-ASTM-D-412 

Tensile 

Strength 

psi 

ASTM-D-412 

Dielectric 
Const,  ant 
(8.6-  10.0 
KMC) 

ATC  Rept. 
ARTC  4 

Loss 

Tangent 

(8.6-10.0 

KMC) 

ATC  Rept. 
APTC  4 

o 

1 — 
o 

220 

II 

900 

3090 

i 

3.1 

.029 

370 

220 

900 

3090 

3.1 

.029 

570 

220 

900 

3090 

1 

3.1 

.029 

640 

560 

1380 

3450 

5.5 

.05 

640 

560 

1380 

3450 

5.5 

.05 

640 

550 

1380 

3450 

5.5 

.05 

430 

1350 

3240 

4030 

5.0 

.05 

430 

1350 

3240 

4030 

5.0 

.05 

430 

1350 

3240 

4030 

5.0 

.05 

1AJ31-L,  VI X  (Cduu) 


Material 

Porosity-X 

FTM  Std 

No.  406 

MTO  5021 

Denslty-Go/cc 
KTM  Std 

No.  406 

MTD  5011 

Hardness 

Barcol 

Modulus  of 
Elasticity- pal 
Slope  of  Tau  at 

Lou  End  of  Stress 
Strain  Gurve 

Shoar 

Modulus 

pal 

Sh 

Stren 

FTM 

No. 

Mm 

C.  Plastic  laminates 

C— 1  PBI  (lmidite)  Laminate 
-N.irmco 

15 

L .  65 

70 

4.75  x  106 

2.0  x  106 

6  31 

C-2  Purane  Epoxy  T-aminate-No.  S265 
GU/FW 

0 

1.77 

60  (min.) 

3.2  x  106 

C-3  Epon  828  Epoxy 

Larainate-Navalrdevcen  (All  Epon 
828  la  good  for 

450°F/500  hra) 

0 

1.6 

C-4  Epon  828  Epoxy  SOX 

Alumina  Loaded-Navalrdevcen 

C-S  Polyimide  Laminate  BMEC 

1937  Sealer-Boeing 

7.9  (1) 

1.51 

(Sp.  Gr.) 

SO  (2) 

2.7  x  106 

15C 

C-6  Polyimide  Lamlnate- 

Skyguard  700-Brunsulck 

1.7 

55 

2.7  x  106 

C- 1  Nome*  Epoxy  Laminate 

Boeing  Seattle 

0 

1.38 

45-50 

6 

4-6  x  10 

C-8  DC21G6  Laminate  Navairdevcen 
Silicone 

_ 

' 

£ 


156 


¥ 


ww  v-? 
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RLE  VII  ("ONTD) 


2( 


1 


uu 

„  sum 

ll 

Shear 

Strength-psi 
FTM  Std 

No.  406 

MTD- 1040 

F lexural 
Strength-psi 

FTM  Std 

No.  406 

MTD  1031 

Tensile 
Strength-pai 
FTM  Std 

Ho.  406 

KTD  1011 

Comp res a ivc 
Strength-pai 
FTM  Std 

No.  406 

MTD  1021 

- - 

Polar  on’s 
Ratio 
Supplier 
’Method 

Dielectric 

Constant 

(8.6-10.0 

KMC) 

ATC  Rept. 
ARTC  4 

Loss 

Tangent 

(8.6-10.0 

KMC) 

ATC  Rept. 
AKTC  4 

X  106 

6  x  103 

4 

11  x  10 

87  x  103 

7.0  x  103 

4. 2-4. 8 

.00/ 

Laminate  only 

70  x  103 

50  x  103 

45  x  103 

4.86* 

.019* 

*at  350° F 

. 

1500 

45  *  103 

35  x  103 

3 

28  x  10 

4.1 

.009 

60  x  103 

40  x  103 

40  x  103 

4.2 

.015 

15-25  x  103 

Porosity-2 
FIX  Std 

No.  406 

MTL  5021 

Dens 1 ty- gm/ c c 
FTM  Std 

No.  406 

MTB  5021 

Hardness 

Be.rcol 

Modulus  of 
Elasticity-psi 
Slopes  of  Tan 
at  Low  End  of 
Stress  Strain 
Curve 

_  .  _ 

Shear 

Modulus 

pul 

1 

H.  Sandwich  Plastics 

- J 

, 

H-l  0.010"  Gaco/0 .040"  Furane 

Epoxy  UC-CD/FW 

1.77 

60(min) 

3.2  x  106 

H-2  Polyimido  HC  -  Boeing 

1.51 

30 

2.7  x  106 

■ 

H-3  0.010"  Titanium/Polyimide  HC/ 

0.010"  Titanium  -  Boeing 

0 

4.43 

16  x  106 

6.2  x  106 

1 

i 

H-4  0.035"  Teflon /Nome*  Epoxy  Laminate 

2.25 

Shake 

35-56 

9.5  x  104 

2.i 

H-5  0.035"  Armstrong  Cork.  AC-2755  Over 
Nomex  Epoxy  Lamlnate-Boeing  Seattle 

50 

.48 

7  x  103 

J 

II-6  0.010"  Electroplated  nlckel/Epon 

828  Lamina te-AFML 

8.90 

Vickers 

163-332 

I 

I.  Thermal  Plastics 

1-1  PPC)-GE  (polyphenylene  oxide) 

1-2  Plexiglas  (Type  II-  UVA)-AFML 

■ 

1.06 

1.19 

Rockwell 

R-120 

45-49 

37  x  104 

4.36  x  105 

10 

1-3  Teflon  -  DuPont 

•  K 

2.25 

Shore 

55-56 

9.5  X  104 

25 

J.  Metals 

— 

J-l  2024-T3  Aluminum 

2.77 

Hrinell 

120 

J-2  6061  T6  Aluminum 

2.70 

95 

J-3  Copper-Annealed 


8.96 


LK  VII  (CONCLUDED) 


. 

Shear 

Flexural 

Tensile 

•'►rength-psi 

Strength-psi 

Strength-psi 

Shear 

FTM  Std 

FTM  Std 

FTM  Std 

Modulus 

No.  106 

No.  406 

No.  406 

pal 

MID  1040 

MTD  1031 

MTD  1011 

70  x  103 

50  x  103 

1.5  x  103 

' 

45  x  103 

35  x  103 

78  x  103 

134  x  103 

2.5/3  x  103 

2  x  103 

3200/4000 

• 

300/400 

73-133  x  103 

10.9  x  103 

15  x  1C3 

10.5  x  103 

8600 

17.7  x  IO3 

3 

10.8  x  10 

2500/3000 

2  x  103 

3200/4000 

3500/4500 

64,000 

42,000 

32,000 

D 


Coropressive 

Dielectric 

Constant 

Strength-psi 

Poisson's 

(8.6-10.0 

FTM  Std 

Ratio  ; 

KMC) 

.  No.  406 

Supplier 

ATC  Rept. 

MTD  1021 

Method 

ARTC  4 

45  x  1(T 
*8  x  103 


132  x  10J 


1.7  x  10J 


J.1  x  10 J 
18  x  103 


1.7  x  10J 


4.86* 

.019* 

*at  350°F 

4.1  * 

.009* 

*at  75°F-937mc 

2.) 

.0002 

.0005 

1.8 

.05 

Elong.  4-20% 

2.58 

0.01 

2. 2-3. 2 

0.02-0.03 

2.1 

.0002 

.0005 

Depends  on  Freq. 

Elong. 

15Z 

10X 

40Z 
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I*.  IRONS ORINO  MILITARY  ACTIVITY 

Air  Force  Materials  Laboratory 
Wright-Patterson  Air  Force  Base,  Ohio  45433 


A  comprehensive  investigation  of  sixty  -five  dielectric  and  other  materials  for  shor 
exposure  time  rain  erosion  resistance  at  velocities  of  Mach  1,5.  2.0,  2.5  and  3.0  has 
recently  been  accomplished  in  a  joint  program  of  the  Elastomers  and  Coatings  Branch, 
Ncnmetallic  Materials  Division,  Air  Force  Materials  Laboratory  and  the  Radocne-Antenna 
Section,  Naval  Air  Development  Center.  This  wi»rk  was  accomplished  at  the  Holloman  AFB 
Teat  Track  Facility.  New  Mexico, 

Multiple  samples  of  each  material  were  mounted  in  a  wedge  shaped  holder  attached  to 
the  forward  end  of  a  multi-staged  rocket  sled  and  exposed  to  the  same  rain  environment  by 
firing  the  sled  through  a  6,000  feet  long  artificial  rainfleld.  The  samples  were  exposed  at 
five  different  impact  angles  and  four  different  velocities  and  the  quantitative  rain  erosion 
resistance  determined  as  a  function  of  velocity,  time  of  exposure  and  impact  angle.  Al¬ 
though  the  exposure  times  were  short  the  materials  demonstrated  real  differences  in  their 
rain  erosion  resistance. 
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Materials  evaluated  included  isotropic  and  sandwich  ceramics,  plastic  laminates,  nickel 
slectroplated  plastics,  inorganic  laminates,  ceramic  and  elastomeric  coated  laminates. 
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